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Abstract

An all alkoxide solution chemistry utilizing metal 2-methoxyethoxide complexes in
2-methoxyethanol was used to deposit thin-films of metal oxides on single-crystal
metal oxide substrates and on biaxially textured metal substrates. This same
chemistry was used to synthesize complex metal oxide nanoparticles. Nuclear
Magnetic Resonance spectroscopy was used to study precursor solutions of the
alkaline niobates and tantalates. Film crystallization temperatures were
determined from X-ray diffraction patterns of powders derived from the metal
oxide precursor solutions. Film structure was determined via X-ray diffraction.
Film morphology was studied using scanning electron microscopy (SEM) and
atomic force microscopy (AFM).

Epitaxial thin-films of strontium bismuth tantalate (SrBi2Ta2O9, SBT) and
strontium bismuth niobate (SrBi2Nb2O9, SBN) were deposited on single crystal [1
0 0] magnesium oxide (MgO) buffered with lanthanum manganate (LaMnO3,
LMO). Epitaxial thin films of LMO were deposited on single crystal [100] MgO via
Rf-magnetron sputtering and on single crystal [100] lanthanum aluminate
(LaAlO3) via the chemical solution deposition technique.

Epitaxial thin-films of sodium potassium tantalate (Na0.5K0.5TaO3, NKT), sodium
potassium niobate (Na0.5K0.5NbO3, NKN) and sodium potassium tantalum niobate
(Na0.5K0.5Ta0.5Nb0.5O3, NKTN) were deposited on single crystal [1 0 0] lanthanum

v

aluminate and [1 0 0] MgO substrates (NKT and NKN) and biaxially textured
metal substrates via the chemical solution deposition technique. Epitaxial growth
of thin-films of NKT, NKN and NKTN was observed on LAO and Ni-5% W.
Epitaxial growth of thin-films of NKN and the growth of c-axis aligned thin-films of
NKT was observed on MgO.

Nanoparticles of SBT, SBN, NKT and NKN were synthesized in reverse micelles
from alkoxide precursor solutions. X-ray diffraction and transmission electron
spectroscopy investigations reveal that amorphous nanoparticles (~5 nm) of SBT
and SBN were synthesized. X-ray diffraction investigations reveal that
nanoparticles (~3 nm) of NKT and NKN were also synthesized by this method.
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Chapter 1
Background
1.0

Introduction

From the time that early man fabricated crude cooking pots from the clay in his
cooking fire until the early 1980s, the preparation of ceramics was based upon
the premise that better materials may be made from heating at very high
temperatures for extended periods of time. Indeed, prior to WWII, almost all
specialty ceramics were made from solid mixtures of the oxides subjected to
mechanical mixing (milling, pressing, sifting) followed by cycles of heating at high
temperatures for extended periods. This so-called “heat it and beat it” method of
solid-state synthesis, dictated by the kinetics of solid-state diffusion, was
ubiquitous in ceramic processing and research. Starting in the 1980s with a
series of seminal Materials Research Society Symposia entitled “Better Ceramics
Through Chemistry”1, a new understanding arose from a number of research
groups that clever application of solution chemistry could beat the kinetics of
solid-state diffusion.

This thesis is concerned with the use of alkoxide solution chemistry to produce
high quality epitaxial ceramic thin films of ferroelectric materials on single-crystal
oxides and roll-textured metals. The same hydrolytic sol-gel chemistry used to
produce thin films was also used to produce oxide nanoparticles in micellar
reactors.

1

1.1

Chemical Routes to Ceramic Materials

Society is heavily dependant upon ceramic materials. Their applications range
from structural materials, to fine porcelain, to power line insulators, to sculpture
and pottery. Ceramics exist ubiquitously within the electronic devices upon
which the modern world depends. Microelectronic devices extensively exploit the
properties of ceramics in thin-film form as both passive (resistors, insulation) and
active devices (thermistors, field-effect transistors).

Solid state synthesis of ceramics--As noted above, metal-oxide ceramics were
traditionally prepared via the mechanical mixing and subsequent annealing of
metal oxides, metal carbonates, metal nitrates or a combination of these
precursor sources2.

However, while these solid-state synthetic methods allow

one to successfully synthesize metal oxide powders, there are several
drawbacks intimately linked to this process. Homogeneous mixing of the metal
oxide precursor compounds2 is the greatest challenge for the synthesis of
complex, multi-cation metal oxide powders. The inability to completely achieve
this with the ‘heat and beat’ method is due to the highly crystalline nature of the
metal oxide reagents (limited pathways allowing for atomic diffusion) and the
relatively short distances that atoms diffuse in such crystalline materials2. Due to
the crystallinity and sizes of the fired precursor compounds (particle sizes of
approximately 10 µm), multiple grinding and time consuming annealing cycles
are often required to achieve the complete solid-phase reaction of the reagents2.
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Another undesired consequence of this method, thanks to the poor degree of
mixing, is the generation of impurities and unwanted second phases within the
desired material2. Alternate synthetic methods capable of bypassing the
problems of the ‘heat and beat’ method were therefore explored.

Solution synthesis of ceramics-- Metlin, et al.2 have published a review of the
various chemical methods for producing ceramics. Chemical production routes,
unlike mechanical mixing ones, facilitate the intimate mixing of metal oxide
precursors on the molecular level resulting in homogeneous precursor materials.
Various chemical production routes exist including co-precipitation3, spray
pyrolysis4, plasmochemical5, cryochemical6 and sol-gel7, 8 synthetic techniques.

Co-precipitation synthetic routes commonly employ either metal oxalates3, 9 or
metal carbonates10. Metal oxalates and carbonates are derived from the reaction
of either the nitrate or acetate of the desired metals and the appropriate oxalate
and carbonate reagents. Ideally, the simultaneous precipitation of all of the
cations would occur at the same rate, but due to the differing chemistries of the
constituent metals of the desired product, this is frequently not observed. This
typically occurs within narrow pH windows3. The precipitates also require
washing to ensure that organic impurities, present due to the precipitating
agents, are removed. The oxalates and carbonates are then treated similarly
with respect to solid-state reagents employed in the ‘heat and beat’ method.

3

However, the degree of homogeneity is much greater with this method and
allows for the preparation of single-phase products more quickly.

Powders derived from the pyrolysis of aerosols4 and from the use
plasmochemical technology5 are formed similarly. The processes differ in only
the method of calcination; the pyrolysis method using conventional heating and
the plasma method using radio frequency (rf) heating to form plasma. Precursor
solutions are agitated to produce an aerosol composed of atomically mixed
metal-oxide precursors that is then transported to a hot chamber by a carrier
gas2. Dehydration and near instantaneous pyrolysis then occurs. Metal oxide
powders are collected with a filter. This method efficiently bypasses the
processing demands of the thermo-mechanical production method, but it is not
free of problems. Contaminates may still be introduced during the generation of
the aerosol and, should carbonate formation be problematic, it is necessary to
use a highly pure carrier gas that is free of CO2. Particle size and morphology
may be controlled by solution concentration, annealing temperature and
annealing time. However, the costs incurred due to the energy demands and
amounts of carrier gas (~ tens of liters per minute) required by plasmochemical
route are far greater than that of the pyrolysis of aerosols2.

Cryochemically derived powders are produced via the spray-freezing/freezedrying of highly-dispersed, homogeneous, nitrate precursor solutions and the
subsequent sublimation of water2. Acetates may also be employed6, but the
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potential for the formation of undesirable carbonates would then be introduced.
Following the solidification of the precursor droplets, the formation of
‘cryogranulates’ of the precursor nitrate compound occurs which are then
dehydrated via sublimation2. As with the case of the pyrolysis of aerosols, a CO2
free annealing environment is necessary in order to prevent the formation of
carbonates. This method has allowed for the relatively quick preparation of metal
oxide powders that normally are difficult and highly demanding of time to
prepare--in the case of the HTSC bismuth strontium calcium copper oxide (Bi2223), powder samples were prepared with this technique after an annealing
cycle of approximately 12 h versus annealing times of 200-300 h required by
other traditional techniques11.

Sol-gel and metal organic decomposition routes: Metal oxides may also be
derived from metal-organic precursor solutions. There are two routes that are
primarily employed, 1) sol-gel synthetic routes12 and 2) the metal-organic
decomposition route13. Utilizing these methods also allows for the intimate
mixing of desirable metals at the molecular level. In the case of sol-gel derived
materials, drastic decreases in crystallization temperatures may be realized. In
order to properly characterize a new material and to determine processing
parameters using a sol-gel method, it is desirable to first synthesize powder
samples before making thin films and fibers. From these samples, one may
acquire the optimum processing conditions, i.e. crystallization temperatures,
annealing environment, annealing time etc., that are necessary for the growth of
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crystalline materials. The chemistries and drawbacks of the metal-organic
solutions will be described later within this thesis.

1.2

Ferroelectrics

Ferroelectrics possess a unique blend of dielectric, piezoelectric, pyroelectric and
opto-electronic properties14. All ferroelectrics are piezoelectric and all
piezoelectrics are pyroelectric. However, the reverse is not true. In order for a
material to be ferroelectric, the material’s space group must be noncentrosymmetric.

1.2.1 The Ferroelectric Effect

Ferroelectricity, or the ferroelectric effect, is characterized by a material’s ability
to undergo a spontaneous polarization when placed in an electric field (i.e,
alignment of dipoles within the material in the direction of the applied filed). The
induced electric polarization is permanent, thus it is retained by the material after
the external electric field has been removed. Ferroelectrics are often referred to
as ‘smart materials’ because they are able undergo spontaneous polarization
(Figure 1.1) in the presence of an applied electric field14. Ordinary dielectric
materials exhibit a linear relationship between the induced
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Figure 1.1. The perovskite structure (left) above the Curie point the cell is cubic; (right) below the Curie point the
structure is tetragonal with a-site and b-site ions displaced relative to O2- ions.
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polarization (P) and the potential difference (V). This simple linear relationship
between P and V for ordinary dielectric materials fails to explain the relationship
between P and V observed for ferroelectric materials. Instead, hysteresis loops
(Figure 1.2) that describe the alignment of dipoles in the presence of an applied
electric field are observed. Initially, ferroelectric domains are not aligned. At high
electric field strengths, ferroelectrics exhibit a saturation polarization, Ps, and
complete domain alignment is observed. Following saturation, as V is reduced to
zero, a remnant polarization, Pr, is observed. Domain alignments are still
observed at this point. Only the application of a reverse field (coercive field, Ec)
will reduce the polarization to zero. Continued application of the reverse field will
result in domain alignment.

In addition to electric field dependence, the ferroelectric state is temperature
dependant. At higher temperatures, thermal motion leads to the annihilation of
the ferroelectric state. The break-down temperature is known as the ferroelectric
Curie temperature (Tc). Once the Tc point has been exceeded, ferroelectric
materials undergo a phase transition to the paraelectric state15. The dielectric
constants of these materials peak at the Curie temperature(s). Characteristically
high dielectric constants are still observed in the paraelectric state, but there is
no retention of the remnant polarization upon the termination of the applied
electric field. This transition from the ferroelectric state to a paraelectric state is
an example of an order-disorder phase transition. In this case, no long-range ion
migration occurs.

8

Figure 1.2. Linear E to P relationship exhibited by normal dielectric materials (left) and the hysteresis loop of a
ferroelectric material (right).
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1.2.2 Ferroelectric Properties

As previously mentioned, ferroelectric materials exhibit a unique blend of
dielectric, piezoelectric, pyroelectric and opto-electronic properties. Thus,
ferroelectric materials are multi-functional materials that possess properties that
may be exploited in a variety of device applications.

Dielectrics materials are ideally insulators. They are employed within capacitors
as substrates and insulators. Piezoelectric materials are materials that, upon
subjection to mechanical stress, undergo spontaneous polarization and produce
electrical charge. Inversely, the application of an electric field to piezoelectrics
will induce mechanical deformation. Similar to ferroelectrics, a material must
belong to a non-centrosymmetric space group in order to be piezoelectric.
Pyroelectrics are materials whose spontaneous polarization depends upon
temperature. Electrical charge is also produced during the spontaneous
polarization of pyroelectrics.

Similar to magnetism, the orientations of spontaneous dipoles may align in an
anti-parallel fashion. If either the introduction of an electric field or the
introduction of mechanical stress to a material such as this leads to the complete,
parallel alignment of these dipoles (field or stress induced transition from the antiferroelectric phase to the ferroelectric phase), then the material is classified as
being anti-ferroelectric. The observation of double hysteresis loops is
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characteristic for anti-ferroelectric materials. However, while an applied electric
field is capable of inducing ferroelectricity in this class of materials, there is no
observation of remnant polarization upon the termination of the electric field.
This is because a phase transition from the ferroelectric state to the antiferroelectric state occurs upon the termination of the applied electric field.

1.2.3 History of Ferroelectric Work

Anderson and Cady16, 17 first observed the ferroelectric behavior of Rochelle salt,
NaKC4H4O6•4H2O, in 1917. It was not until 1921 that Valasek18 suggested that
the electrical behavior of this salt was analogous with the magnetic behavior of
ferromagnetic materials. Valasek compared the dipole orientations of
ferroelectric, anti-ferroelectric and ferroelectric materials (Figure 1.3) to that of
the pole orientations of ferromagnetic, anti-ferromagnetic and ferromagnetic
materials. Within a temperature range of -18 to 24°, it was observed that
Rochelle salt exhibits spontaneous polarization, revealed by the hysteresis loop
characteristic of ferroelectrics19. In 1935 Busch and Scherrer discovered that
KH2PO4 was also a ferroelectric material20. All tetragonal dihydrogen
phosphates and arsenates of K, Rb and Cs were soon after determined to be
ferroelectric materials21.
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Figure 1.3. Dipole alignments in a) Ferroelectric, b) Anti-Ferroelectric and c) Ferrielectric materials.
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For roughly a quarter of a century, ferroelectric materials were little more than
academic curiosities and viewed as being fragile materials, most of which were
water soluble, that behaved oddly in the presence of an electric field within a
narrow temperature range. However, this would drastically change in 1942.
Wainer and Solomon observed that barium titanate (BaTiO3, BTO), a cubic
perovskite, exhibited the ferroelectric effect22. This observation led them to
realize that the speculation concerning the essential relationship between
hydrogen bonding and ferroelectricity was not true. Following this discovery,
ferroelectricity was observed in many other materials with cubic perovskite and
tungsten bronze structures.

Scott, et al.23, reviewed the properties and technological potential of ferroelectric
memories. Integration of ferroelectric compounds within functional devices was
limited until thin-film ferroelectrics were integrated into semiconductor chips in the
1980’s. Early attempts at device fabrication used thick single-crystals or
ceramics devices that required unacceptably high voltages and exhibited ‘slow’
response times. Sol-gel and sputtering deposition techniques allowed for the
affordable deposition of ferroelectric thin-films. Ferroelectric materials were then
shown to be easily incorporated within the memory storage device market.
Exploiting the polarization states of ferroelectric materials allows for the encoding
of the 1 and 0 states required to satisfy the Boolean algebra of binary computer
memories23. The remnant polarization of ferroelectric materials also allowed for
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non-volatile memory, or devices that retain information after power loss is
experienced24.

Polarization fatigue was shown to be a problem after 106 read/erase/rewrite
cycles. It was shown that in order for non-volatile ferroelectric random access
memory (FRAM) devices to be competitive, they must withstand 1012
erase/rewrite operations23. Fatigue is characterized by three components. 1) In
pseudo-cubic materials, such as the barium or lead titanate-zirconate materials,
fatigue has been attributed to the stress relaxation of 90° domains25, 26.
Orthogonal domains undergo a slow relaxation process back to their original
180° configuration. Mechanical stress is released internally which leads to
reorientation and the subsequent decrease in net-polarization. However, the
application of a voltage that is higher than normal, but less than the breakdown
voltage will ‘deepen’ domain walls leading to greater stability (examples being
potassium niobate (KNO) and sol-gel derived lead zirconium titanate (PZT)) thus
restoring the hysteresis loops almost to their pristine states27. 2) The poling of
charged defect pairs result in the alignment of these dipoles23, 26. They are slow
to reverse and result in the cancellation of some of the switched lattice
polarization. 3) Space charge accumulation occurs at or near the interface
between the ferroelectric and the electrode28. This property detrimentally effects
the operation of a material since it acts as an electric field screen. Further
complications arise as this also leads to the oxidation of the electrode and the
resulting reduction of metal ions, such as Ti in BTO. ‘Fatigue-free’ materials
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therefore became, and still are, very desirable in the non-volatile memory world.
Materials such as strontium bismuth tantalate, (SrBi2Ta2O9, SBT) and strontium
bismuth niobate (SrBi2Nb2O9, SBN) became the successors to BTO and PZT for
non-volatile memory applications. These bismuth containing ferroelectrics
possess excellent fatigue resistance, low leakage currents and high charge
retention29.

A great deal of interest has developed in the utilization of ferroelectric thin-films
for opto-electronic integrated circuits30. Birefringence is induced in ferroelectric
materials following exposure to a constant or varying electric field. There are a
number of prerequisite conditions that the ferroelectric layer must meet in order
to successfully be integrated within an opto-electronic device31. The ferroelectric
layer must be optically transparent. Desirable optical losses are less than one
dB/cm. Optical scattering is incurred from localized sites that produce changes
in the material’s refractive index. These sites are located on the film surface,
film/substrate interface, ferroelectric domains and grain boundaries. Surface
roughness, on the order of 10 nm, has been attributed as being the greatest
contributor to optical scattering losses32. Birefringence, the decomposition of a
wave of light into an ordinary and extraordinary wave, is induced when
ferroelectrics are exposed to either a constant or a varying electric field. This
linear electro-optic effect is known as the Pockels effect. Only noncentrosymmetric materials exhibit this effect. Exploiting the Pockels effect allows
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for the fabrication of electro-optic modulators. These devices allow for the
modulation of the phase, frequency, amplitude or direction of light.

1.3

Thin-Films

Thin-films are materials with micron to sub-micron thicknesses and may be in
either elemental (metals, semiconductors) or composite (oxides, compound
semiconductors) form. Often multi-layer systems of different materials are
fabricated. Industrially, thin-films have become ubiquitous within the
architectures of micro-electronic devices. A non-exhaustive list of device
applications that exploit thin-films would include: memory storage33, optical-wave
guides34, chemical sensors35, capacitors36, electrodes37, insulators38,
semiconductors39 and high-temperature superconductors40. Considering the
ever-present drive to improve existing and to develop new miniaturization
techniques, thin-film fabrication will be a profitable field to explore in the
foreseeable future.

1.3.1 Deposition Techniques

A variety of techniques exist that allow for the deposition of epitaxial thin-film
materials. All of these techniques can be placed in either of two categories:
Physical deposition methods and chemical deposition methods. Both will be
discussed below.
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1.3.2 Physical Deposition Methods

Pulse-laser deposition41, sputtering42, molecular beam epitaxy43 and e-beam
deposition44 are all examples of physical methods of thin-film deposition-whereby high-quality, epitaxial, thin-films may be grown. The film-deposition and
film-crystallization steps occur simultaneously with these methods.

Pulse-laser deposition produces thin-films via the ablation of a stoichiometric
target with a laser. The frequency and energy of the pulse governs the
deposition rate of the film. Essentially, deposition and growth occur following the
ablation of the surface atoms of the target. The ablated atoms then bombard the
surface of a heated substrate and film-growth begins45.

Sputtering involves the use of plasma to either vaporize the surface atoms of a
stoichiometric target material or multiple sputter-guns may be employed to
vaporize multiple mono-metal oxide targets. Following vaporization, the ionic
beam bombards a heated substrate allowing for simultaneous deposition and
crystallization46.

E-beam deposition utilizes an energetic beam of electrons to vaporize a target
material. Unlike sputtering, polycationic films require separate elemental sources
and evaporation beams. The procedure then becomes more complicated as
differing elemental volatilities must be taken into consideration. Therefore, the
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vaporization rates of each cation source must be carefully controlled so that a
stoichiometric, cationic-source vapor is produced. Following vaporization, a
stoichiometric vapor simultaneously interacts with the surface of the substrate
and controlled amounts of oxygen, which ultimately results in film-growth and
crystallization46, 47.

Molecular-beam epitaxy produces films via the heating of volatile source
materials within cells that allow for the generation of molecular beams. These
beams are then slowly rastered across the surface of the substrate, allowing for
the production of very thin-films. However, deposition rates are very slow for this
process48.

Each of these methods can be used to grow high crystalline thin-films. However,
each method is dependant upon the employment of high-vacuum environments
and employs pieces of equipment that consume large quantities of electricity.

1.3.3 Chemical Deposition Methods

Metal-organic chemical vapor deposition (MOCVD) is a widely used technique for
the growth of materials in thin-film form49. Cation sources are in the form of
volatile inorganic, metal-organic and/or organo-metallic materials50. Film growth
occurs when the volatilized precursor molecules decompose upon their
introduction to the heated surface of the substrate46. Selective growth51 and the
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self-limiting growth of multi-cationic films52 are allowed because chemical
reactions occur on the growth template.

The metal-organic decomposition (MOD) deposition technique utilizes metalorganic precursor solutions for the deposition of thin-films of metal-oxide
materials. Solutions are typically deposited on the surface of a substrate, spincast with a spin-coater and are then annealed in an appropriate atmosphere53.
Metal-organic solutions may be applied to a substrate in a variety of other ways
including dip-coating54, spraying55 and ink-jet printing56. Ideally, the substrate will
only behave as a support for the growth of the thin-film and will not be chemically
reactive with the precursor solution. Single-crystal substrates also serve as a
template for the growth of highly aligned thin-films that are single-crystalline.

Utilizing metal-organic solutions as the source for a metal-oxide material allows
for one to achieve stoichiometric precision. This is a cost-efficient method that
allows for the growth of materials in thin-film and powder form. Precursor
solutions for materials containing multiple cations may be prepared via the mixing
of the necessary constituent metal-cation source solutions. Metal-organic
precursor solutions are generated (Figures 1.4 and 1.5) via the dissolution of a
metal-organic compound within a desired solvent.
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Metal carboxylate
Reflux, distill solvent
Prepare stock metal oxide precursor solution

Dry precursor solution
Anneal

Spin-cast 3000 rpm 30s

Repeat

Anneal
Stoichiometric
metal-oxide thin-film

Stoichiometric
metal-oxide powder

Figure 1.4. Metal carboxylate precursor solution synthetic flow-chart.
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Strontium metal in Ta/Nb (V) ethoxide in Bi (III) t-butoxide in
2-methoxyethanol 2-methoxyethanol
2-methoxyethanol
Reflux

Reflux, distill, redilute
until bp ~ 124°C
Ethanol

Reflux, distill, redilute
until bp ~ 124°C
t-butanol

Prepare stock metal oxide precursor solution

Hydrolyze, stochiometric
amount of H2O, Gel
Anneal

Spin-cast 3000 rpm 30s
Repeat

Stoichiometric
metal-oxide powder

Anneal
Stoichiometric
metal-oxide thin-film

Figure 1.5. Sol-gel precursor solution flow-chart.
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There are three types of metal-organic precursor solutions: metal-organic, solgel and hybrid metal-organic/sol-gel solutions. Lange57 has reviewed the
properties of the solutions typically employed in the chemical solution deposition
route. Metal-organic precursor solutions commonly use metal carboxylates as
the cation source58. Dissolution may occur via several pathways including: 1)
interactions between the ligands bound to the metal center and the solvent, 2)
solvent occupation of vacant co-ordination sites at the metal-center, 3) a
chelating agent co-ordinates with vacant co-ordination sites at metal center and,
via interactions with the solvent system, allows for dissolution and/or 4)
combinations of the above interactions59. In the case of a multi-cationic system,
metal complexes remain independent of one another. Metal-organic solutions
are true solutions that may be stored for long periods of time without the
formation of precipitates. Insensitivity to water is another advantage of metalorganic solutions, as this allows for one to work with these materials without the
necessity of employing an inert atmosphere for the storage, handling and
processing of starting materials57, 59.

Sol-gel precursor solutions are another medium that may be employed for the
solution deposition of thin-films and the synthesis of high quality powders of
metal oxides. Hydrolytic and non-hydrolytic pathways are available.

Hydrolytic sol-gel solutions--These solutions should be viewed as colloidal
suspensions of reactive metal complexes that will ultimately form polymeric
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metal-oxide networks following hydrolysis and subsequent condensation reaction
steps, shown in equations 1.1 and 1.257.

(RO)nM-OR + H2O Æ (RO)nM-OH + R-OH

Equation 1.1: Hydrolysis of the metal-alkoxide

2(RO)nM-OH Æ (RO)nM-O-M(OR)n + H2O

Equation 1.2: Water condensation

Metal-alkoxides are commonly used as the cation source within these solutions.
As metal-alkoxides are prone to suffer attacks from water and subsequently
undergo hydrolysis, increasing the stability of alkoxide precursor solutions often
becomes an issue that must be addressed59. A variety of chemical modifications
can lead to noticeable increases in solution stability with respect to hydrolysis.
Ligand exchange reactions allow for the chemical adjustment of the alkoxide
groups protecting the metal center from hydrolysis. Increased chain-lengths of
the carbon-backbone of the alkoxide group and/or functionalization of the
alkoxide will allow for a greater level of protection from hydrolysis. Bulkier
alkoxide ligands offer additional protection from hydrolysis because they
sterically hinder the attack of H2O upon the metal center. Alternatively, the
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lability and robustness, with respect to ligand exchange and hydrolysis reactions,
of the alkoxide ligands may be altered via the functionalization of the alkoxide
ligands with atoms/alkyl-groups that alter the Lewis basicity of the binding
electrons alkoxide group. Such treatment allows for either a more efficient ligand
exchange reaction or a far more stable compound59. Equation 1.4 details a
typical alkoxide ligand exchange reaction.

(RO)nM-OR + M2OR' Æ (RO)nM-OR' + M2OR

Equation 1.4: Alcohol ligand exchange

Metal 2-methoxyethoxide compounds in 2-methoxyethanol are used often for the
deposition of thin-films. The methoxyethoxide ligand is a bidentate ligand that
allows for the formation of oligomers. Oxophillic metals are prone to form soluble
polynuclear oxo or hydroxo aggregates60. Coan, et al.61, have shown with 89Y
NMR spectra and X-ray diffraction that the yttrium 2-methoxyethoxide exists as a
cyclic decamer ([Y(OCH2CH2OCH3)3]10) in solution. Heterometallic alkoxide
oligomers form as well (allowing for molecular level mixing)62.

Metal-citrates are another type of hydrolytic sol-gel precursor. The citrate
technique relies upon the ability of hydroxyacids, such as citric acid, to chelate
with metal cations63. Addition of ethylene glycol and heat treatment (100-140 °C)
produces oligomers via esterification. Elevated temperatures (180-200 °C) force
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further polymerization the results in the formation of a gel.

Elevated

temperatures result in the complete decomposition and the subsequent formation
of metal oxides. As with the metal alkoxide sol-gel synthesis of metal oxides,
observed crystallization temperatures are lower than similar oxides derived from
the thermo-mechanical method2.

The citrate route allows for the use of an aqueous environment, but requires
higher temperatures for polymerization to occur. Unlike alkoxide based sol-gel
solutions, films derived from citrate based sol-gel solutions do not hydrolyze
immediately following deposition. While one must be wary of water when
employing alkoxide precursor solutions, the tendency for alkoxide precursor
solutions to undergo rapid hydrolysis during spin-casting is beneficial for the
fabrication of thin-films. Precursors employed when using the metal organic
decomposition technique are also insensitive to the presence of water, similar to
the citrate based sol-gel solutions, but complete control of the processing
parameters, i.e. solution concentration, annealing rates, etc., must be realized in
order to ensure that film quality is good.

Non-hydrolytic sol-gel—Another, relatively new, sol-gel technique is also
available. Whereas the previously mentioned sol-gel methods are hydrolytic in
nature, this method is non-hydrolytic. This method involves the reaction of a
metal halide with an oxygen donor and the subsequent formation of oxygen
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bridged metal sites (equation 1.3). Alkoxides, ethers, alcohols, etc., may be
employed as the oxygen donor species64, 65.

M-OR +M'-X Æ M-O-M' + R-X (where X = Cl, Br, I)

Equation 1.3

Sol-gel deposition techniques are closely related to the deposition techniques of
metal-organic solutions. However, hydrolysis rapidly occurs during and after the
spin-casting process. This allows for the generation of highly dense and uniform
thin-films on the surface of the substrate. Prior to annealing, the film may be
viewed as a polymeric network of metal-centers bridged by oxygen atoms and
hydroxyl groups have replaced the alkoxide ligands. Thermal gravimetric
analyses (TGA) of sol-gel derived powders reveal that minimal weight-loss
occurs during annealing for powders acquired via the hydrolysis of sol-gel
precursor solutions57. Conversely, TGA experiments reveal that powders
derived from stock metal-organic solutions exhibit a significant weight loss during
annealing57. Solvent evaporation may adversely effect film quality and lead to
the formation of extremely rough and/or porous films.

Drawbacks of solution deposition-- Chemical solution deposition routes are very
straightforward, non-vacuum, techniques for the deposition of thin-films.
However, the method is not without its flaws. Metal alkoxides were used almost
exclusively in the work presented within this thesis. While precautions may be
taken to prevent hydrolysis, these compounds will readily hydrolyze, thus limiting

26

the shelf life of the precursor solutions. Another consequence of hydrolysis is the
formation of precipitates within the stock solutions. These precipitates perturb
the complete coating of the substrate and can result in the formation of defects
(i.e., pores, pin holes and even cracks) in the film. Solution deposition
techniques also require multiple coating and annealing steps to produce thicker
films—(film cracking results in single films that pass a critical thickness57). Thus,
each additional coating and annealing step introduces the possibility for the
incorporation of unwanted contaminates into the film (solution precipitates,
particulate matter in the environment, etc.,) and/or the production of
imperfections resulting from the effects of differing processing parameters
(uneven substrate coating, changes in humidity, etc.).

1.4

Epitaxial growth

The term epitaxy describes an ordered growth of a crystalline secondary layer on
either a mono-crystalline substrate or on a mono-crystalline thin film that
structurally mimics the primary growth template. The growth template
determines the orientation of the film48. Homoepitaxial films and heteroepitaxial
films of materials are highly desirable in the micro-electronic industry66, 67.
Homoepitaxial films are films that are compositionally identical to the substrate
on which they are grown. Heteroepitaxial films are compositionally dissimilar to
the substrate on which they are grown68, 69. These films are desirable because
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they allow for the improvement of surface conditions and minimize grain
boundary scattering and impurity diffusion.

Dey, et al.70, have classified three types of epitaxial films: Type I epitaxial films
are described as being highly oriented polycrystalline films. X-ray diffraction
studies reveal that out-of-plane and in-plane reflections of these films possess
complete random orientation relative to the substrate. Type III epitaxial films are
single-crystalline and analyses of X-ray diffraction patterns reveal that the films
are in possession of a high degree of in-plane and out-of-plane alignment. Type
II epitaxial films are intermediate between Types I and III. Complete c-axis
alignment is observed via X-ray diffraction, but the a and b axes (in-plane) are
randomly aligned with respect to the substrate.70. Qualitative assessments of the
in-plane and out-of-plane textures of typical epitaxial films (sodium potassium
tantalate (Na0.5K0.5TaO3, NKT), sodium potassium niobate (Na0.5K0.5NbO3, NKN)
and sodium potassium tantalum niobate (Na0.5K0.5Ta0.5Nb0.5O3, NKTN) deposited
on various substrates) can be made using values obtained from X-ray diffraction
patterns shown in section 1.7.

Epitaxial films are of great importance to industry. Functional materials are often
dependant upon being highly ordered. In the case of high temperature
superconductors, it has been shown that epitaxial films allow for greatly
increased critical current, Jc, values71. Decreases in current transport efficiency
occur at grain boundaries. These losses have been shown to be minimized
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when the grains possess similar alignments70. Efficiency decreases are also
observed within electro-optic devices due to scattering losses incurred at grain
boundaries, rough film-surfaces and at the film-substrate interfacial layer31. As
epitaxial films allow for the optimization of the crystalline nature of an active layer
incorporated within a device, these losses may be greatly decreased.

1.4.1 Epitaxial Growth Mechanisms

Lange’s review57 offers a number of proposed growth mechanisms for epitaxial
films. Miller, et al.72 have suggested that, in the case of the substrate/film lattice
mismatch being small, epitaxial growth results from the formation of epitaxial
nano-grains at the film/substrate interface. During high-temperature pyrolysis
and densification, these nano-grains increase to the surface and consume
misoriented at the same time. With moderate lattice mismatch values, lattice
strain is reduced and epitaxy is still observed via to the formation of a dislocation
network at the film/substrate interface72. Two types of dislocations are observed
in heteroepitaxial films: misfit (which occur at the epitaxial interface to
accommodate for lattice mismatch and are present within the first few film layers)
and threading dislocations (which extend from the film/substrate interface to the
surface)73. Tailored misfit dislocations have been shown to reduce threading
dislocations74. In the case of lead titanate, it has been shown that epitaxial
growth occurs following the conversion of the metastable pyrochlore phase into
the cubic perovskite phase57. Derouin, et al.75, have shown that the epitaxial
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growth of thin-films on substrates, LiNbO3/Al2O3, that have larger lattice
mismatch values, >8%, exhibit double in-plane epitaxy. Phi scans of in-plane
reflections reveal two triple sets of peaks that are respectively offset by 60°. The
large lattice mismatch is responsible for the mosaic character of the film and the
observed double in-plane epitaxy75.

1.4.2 Single Crystal Substrates

Single crystal metal oxide substrates were used extensively as templates for thinfilm growth throughout the work presented within this thesis. The substrates
used were LAO [1 0 0] (indexed as pseudo-cubic), MgO [1 0 0] and roll-textured
Ni/5% W. Substrate space groups, lattice parameters, dielectric constants and
coefficients of thermal expansion are presented in table 1.1. Giess et al.76,
reported the lattice parameters, dielectric constants and coefficients of thermal
expansion. Space groups of the materials were obtained via their respective
Powder Diffraction Cards.

1.4.3 Rolling Assisted Biaxially Textured Substrates

Research and development into processing techniques for High Temperature
Superconductors (HTS) has reached a high level of maturity.
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Table 1.1. Space groups, lattice constants, dielectric constants and coefficients of thermal expansion of LaAlO3, MgO
and roll-textured Ni-5% W substrates

Substrate

Space

Lattice

Dielectric

Coefficient of

Groupa

Parameters76

Constant76

Thermal
Expansion76

a (Å)

(ppm/°C)
R3m

3.793

23

9.2

MgO

Pm3m

4.213

9.62

12.6

Ni-5% W

Fm3m

3.524

LaAlO3

a

Source: Powder Diffraction Files, International Center for Diffraction Data.
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13.0

Early fabrication techniques centered on the growth of HTS thin-films on single
crystal metal oxide substrates77. It was observed that highly oriented HTS thinfilms drastically increased current transport loads over polycrystalline HTS thinfilms78. However, the impracticality of employing these architectures for the
fabrication of HTS devices with necessary lengths to potentially meet societal
energy demands led to the search for suitable growth templates that would allow
for the transport of current over large distances79.

Early successes were achieved by growing metal oxide buffer layers epitaxially
on polycrystalline metals via the ion beam assisted deposition (IBAD)
technique70. HTS thin-films with high Jc values were successfully grown
epitaxially on these buffers. However, IBAD deposition techniques were not free
of disadvantages. Low deposition rates and the inability to consistently achieve
desirable in-plane crystallographic alignment, FWHM values less than 10°,
marred this architectural technique.

Goyal et. al.79, reported the successful growth of HTS epitaxial films on buffered,
roll-textured Ni substrates with high Jc values. Metal-oxide buffer layers were
deposited via pulse laser deposition (PLD) techniques and employed as growth
templates for the YBCO films. These buffer layers are essential prerequisites for
this architecture and will be discussed later. This technique is known as RollingAssisted Biaxially textured Substrates (RABiTS)78 and has become a standard
technique for the processing of HTSC wires possessing desirable lengths and Jc
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values. RABiTS are textured biaxially and provide a suitable growth template for
epitaxial metal-oxide buffer layers and ultimately epitaxial HTS thin-films.
Initially, polycrystalline, high-purity, Ni rods are roll-pressed and the resulting Ni
tapes are heat-treated. These processing parameters produce Ni tapes with a
metastable cubic texture. Initial RABiTS Ni tapes were delicate and deformed
easily. Consequently, a Ni-5% W alloy is now used that is far less prone to
undergo deformation during processing80. Ni-W’s space group, lattice
parameters and coefficient of thermal expansion is listed in Table 1.1.

1.4.4 Buffer Layers

Buffer layers are often employed within device architectures for a variety of
reasons. Ultimately, they behave as passivation layers and provide a growth
template for the active layer81. Chemical reactions may result upon application of
a thin-film with a given substrate. For example, metal-oxide buffer layers on
RABiTS substrates behave as diffusion barriers53. Copper migration from the
YBCO layer into the nickel substrate results in the annihilation of the
superconducting properties of the film. Ni migration into the YBCO film as well
as oxygen migration, which ultimately leads to the generation of an undesirable
interfacial NiO layer, is effectively prevented by buffer layers.

As previously mentioned, certain substrate surfaces may prove to be inhospitable
templates for the growth of a desired thin-film due to restraints imposed by lattice
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constants. In such cases buffer layers may be employed to facilitate thin-film
growth. Buffer layers allow for the fabrication of favorable growth templates for
films on a substrate provided that they are epitaxial and are highly crystalline.
Such buffer layers exhibit X-ray diffraction patterns with low full-width at halfmaximum (FWHM) values—as a result of small variations in in-plane and out-ofplane textures. Lattice mismatches and thermal coefficient mismatches between
the buffer and the substrate should be minimized in order to achieve epitaxial
growth. Once these parameters have been realized, it is necessary for the buffer
layer to have a smooth surface to allow for the growth of active layer epitaxial
films.

1.5

Nanoparticles

Nanoparticles are produced via a variety of synthetic routes. Co-precipitation82,
sol-gel processing83, hydrothermal processing84 and microemulsion85 synthetic
routes are common liquid phase synthetic routes.

1.5.1 Nanoparticle Synthetic Routes

Co-precipitation allows for the aqueous synthesis of metal nanoparticles86, the
nonaqueous synthesis of metal nanoparticles87, the aqueous and non-aqueous
synthesis of metal-oxide Nanoparticles88, 89 and metal chalconides90. Particles
are sparingly soluble and are formed within a highly supersaturated solution.
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Due to the high degree of super-saturation, nucleation is the key step in particle
formation. Particle aggregation and Oswald ripening are undesirable processes
that result from this environment91.

There are many synthetic routes for the production of nanoparticles that utilize
sol-gel precursors. Cao, et al.92, have produced zirconia nanoparticles (~1 nm
via the calcination of zirconia precursor xerogels. Non-hydrolytic sols have been
used to create vanadium and tungsten oxide nanoparticles via acid catalyzed
hydrolysis93.

Hydrothermal synthetic routes generally produce crystalline products, unlike the
amorphous particles produced via co-precipitation. This route takes advantage
of the properties of supercritical fluids (solid/supercritical fluid interface lacks
surface tension, high viscosity and increased solubility of compounds)91. Various
metal-oxides94, nitrides95 and chalcogenides96 have been prepared via the
hydrothermal route.

Microemulsion synthetic routes utilize reverse micelles as ‘nano-reactors’.
Originally observed by Hoar and Schulman97, surfactant molecules (long-chain
organic molecules with a hydrophilic head and a lipophilic tail) in the presence of
an ‘oil phase’ solvent form spherical aggregates. These aggregates encapsulate
metal precursor solutions and the hydrolysis agent. Due to the small size and
relatively high density of the reverse micelles, they exhibit continuous Brownian
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motion and frequently collide. Upon collision, the liquids encapsulated by the
micelles are exchanged98. In the case of sol-gel solutions and H2O2, hydrolysis
and oxidation of the ligand occurs within the nano-reactor and metal-oxide
nanoparticles are formed99. Particle size may be adjusted by employing different
surfactants, solvents and by adjusting the concentration of the reagents99.

1.5.2 Properties

Materials that are within the size domain of 1-100 nm are considered nanomaterials. The properties of nano-materials can be very different than the
properties of possessed by bulk materials. The large fraction of surface atoms,
very energetic surfaces, spatial-confinement and near perfect crystallinity
contribute to this observed deviance from bulk properties100. They exhibit lower
melting points and have significantly reduced lattice constants, due to the large
surface/volume atom ratio. Near perfect crystallinity allows for nano-particles to
almost reach their theoretical mechanical strength. Semi-conductor
nanoparticles exhibit an increase in the band gap (blue-shift due to quantum
confinement)100. Composites of dielectric nano-materials are predicted to be the
next step in fabrication of functional dielectric materials because of the better
surface, thermal and mechanical properties101.
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1.6

Characterization Techniques

1.6.1 X-ray Diffraction

X-ray diffraction is a very powerful tool that is employed for the crystallographic
characterization of crystalline systems. It is the primary structural
characterization tool used in this work. X-rays are produced in laboratory
sources via the bombardment of a target material with highly energetic electrons.
These energetic electrons displace core electrons from the target element,
typically elemental copper, leaving vacant sites. Characteristic X-rays are
subsequently generated following the occupation of a lower atomic orbital by an
electron from a higher atomic orbital. When these coherent X-rays interact with
the electrons of a reasonably well ordered material a characteristic distribution of
waves occurs. In the case of crystalline materials, this distribution is called a
diffraction pattern which can subsequently be analyzed to recover information
concerning the distances from the point of origin of crystallographic planes.
Bragg’s law (Equation 1.5) describes the relationship of wavelength (λ),
separation of diffracting planes (d), indices of the plane (n), and the diffraction
angle (θ):

nλ = 2dSinθ

Equation 1.5: Bragg’s law

Figure 1.6 shows a depiction of a 4-circle diffractometer which is used to take
θ-2θ, ω, and Φ scans and to obtain pole figures (θ-2θ, ω, and Φ scans and pole
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Figure 1.6. A diagram of a 4-circle diffractometer (left, where θ is the incident beam, 2θ is the diffracted beam, Φ is the
sample rotation (0 to 360°) and Χ is the sample tilt (0 to 90°) and a diagram showing how a pole figure is recorded (right,
where θ and 2θ positions are fixed to a specific Bragg reflection and Φ is scanned from 0 to 360° at each value of Χ from
0 to 90°).
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figures will be described below).

θ-2θ scans--θ-2θ diffraction patterns are commonly taken for the assessment of
crystalline materials. The incident angle, theta, scans through a desired range
while the detector angle, 2-theta, simultaneously moves accordingly. All of the
possible, allowed, crystalline orientations are observed for powder samples. In
the case of epitaxial thin-films, the only observed orientations are those that have
grown perpendicular, out-of-plane, with respect to the substrate.

ω scans--In order to assess the out-of-plane texture, of epitaxial films ω-scans
(rocking-curves) are taken. 2θ is fixed to a certain Bragg peak and the incident
angle θ is scanned about ω. A film may show a high degree of c-axis orientation
but rocking curves allow for the assessment of the out-of-plane texture, or the
crystallinity of the film. Observed FWHM values are dependant upon the material
and the substrate. Morrell102 has shown that a strong correlation exists between
FWHM values about the in-plane and out-of-plane reflections of bismuth
containing layered perovskites and % lattice mismatch between the films and
various substrates. Figure 1.6 reveals the linear trend between the percent
lattice mismatch and FWHM values of the materials studied in this thesis.
Out-of-plane textures for epitaxial films (with small film/substrate lattice mismatch
values) typically have FWHM values that are less than a degree. In the case of
heteroepitaxy with a lattice mismatch of ~2%, FWHM values of less than 1°
indicate good texture57.
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Figure 1.7. FWHM values of rocking curves about the [0 0 l] reflections of a) NKT, NKN and NKTN on LAO b)
NKN on MgO and c) NKT, NKN and NKTN on Ni-5% W plotted against lattice mismatch values(FWHM and lattice
mismatch values are recorded in Chapters 3, 4 and 5).
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Φ scans--In-plane texture is assessed via Φ scans. θ and 2θ angles are fixed at
a specific Bragg angle and Φ is scanned 360° about the surface normal. Inplane texture is assessed from the analysis of the FWHM values of the phi peaks
(Figure 1.7). Observed FWHM values are dependant upon the material and the
substrate. There is a strong correlation between observed FWHM values about
the [hk0] reflection of the film and % lattice mismatch between the film and the
substrate102. Phi angles of the film reflection are coupled with phi angles of the
substrate reflection to determine the relative in-plane orientation of the film with
respect to the substrate.

The relationship between overall film quality (out-of-plane textures and in-planetextures with respect to the percent lattice mismatch between the film and
substrate) is shown in Figure 1.8. As was the case with out-of-plane textures
(Figure 1.6) and in-plane textures (Figure 1.7), there is a strong correlation
between film quality, i.e. crystallinity, and the percent lattice mismatch between
the film and the substrate.

Pole figures--θ and 2θ angles are fixed at a specific Bragg angle and phi is
scanned from 0-360° at chi angles ranging from 0-90°. Pole figures are
essentially three dimensional representations of phi scans (Figure 1.6). These
allow for the determination of whether or not the sample possesses single inplane epitaxy with respect to the substrate.
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Figure 1.8. FWHM values of phi peaks about the [hk0] reflections of films of a) NKT, NKN and NKTN on LAO b)
NKN on MgO and c) NKT, NKN and NKTN on Ni-5% W plotted against lattice mismatch values (respective FWHM
and lattice mismatch values are recorded in Chapters 3, 4 and 5).
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Examples of pole-figures taken about the [hk0] reflection of a cubic perovskite
are shown in Figure 1.9. Pole figures taken about the [110] reflection of a Type I
epitaxial film (polycrystalline) would reveal that X-rays were diffracted at every
value of phi at for all chi values. Pole figures taken about the [11 0] reflection of
a Type II epitaxial films (complete out-of-plane alignment with no in-plane
alignment) would reveal that X-rays were diffracted at all values of phi at a chi
value of 45°. This indicates that no in-plane alignment exists. Pole figures taken
about the [110] reflection of a type III epitaxial film (complete out-of-plane and inplane alignment) would reveal four circles spaced 90° in phi at a chi value of 45°.

1.6.2 Electron Microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) are routinely employed techniques that allows for the determination of the
texture, topography and surface features of materials in both powder and bulk
form. An electron beam in a high vacuum is either scattered (SEM) or passes
through a sample (TEM).

In the case of SEM, the electron beam diameter is focused into a small point and
scanned across the sample. Captured SEM images are used to characterize the
surface morphology of a sample (defects, pin holes, cracks, voids and etc.),
determine the film/substrate coverage and reveal grain boundaries.
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Figure 1.10. Examples of pole figures taken about the [1 1 0] reflection in a cubic system for type I, II and III
epitaxial films.
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In order to prevent sample charging, a phenomenon that is encountered with
dielectric materials, a conducting film is sputtered onto the sample so that a path
to ground may be established. Samples analyzed in the transmission mode are
typically less that 200 nm thick. TEM allows for increased resolution. High
resolution SEM images may be acquired at low operation settings with a TEM.
Thus, TEM is an invaluable technique for the characterization of nano-materials.
In both modes, sample exposure to the electron beam results in the emission of
secondary, Auger and backscattered electrons—allowing for elemental analysis
of surface regions of the sample.

1.6.3 Atomic Force Microscopy

Atomic force microscopy (AFM) allows for the characterization of the surface
roughness of a sample. A microscale cantilever (normally formed from silica or
silicon nitride) with a probe mounted on its tip. When the tip is brought into
contact with the surface of a sample, deflection occurs due to atomic forces
resulting from the interaction between the tip and the sample. Deflection is
normally measured by the reflection of a laser from the surface of the cantilever
into a photodiode array. The cantilever is rastered across the surface of the
sample and the distance between the tip and the sample is varied to prevent
collision between the two. Sample height variation is determined by holding the
detector signal constant, by varying the height of the sample, and comparing the
recorded data to a standard.
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The two common AFM imaging modes are the contact mode and tapping mode.
In the scanning mode, the force between the tip and the surface of the sample is
kept constant by varying tip to sample distance and recording the changes in the
voltage applied to the piezoelectric material needed to realize this condition. Low
stiffness cantilevers are used in the mode to boost the deflection signal. In the
tapping mode, the cantilever is externally oscillated near its resonance
frequency. Attractive forces between the probe and the sample result in a
decrease in the resonance frequency.
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Chapter 2
The Epitaxial Growth of Thin-films of Sr2Bi2Nb2O9 and SrBi2Ta2O9
on LaMnO3 Buffered Single-Crystal Substrates

2.1

Introduction

Layered perovskites containing bismuth were first discovered in 1949 by
Aurivillius103. They possess interesting electrical properties, including fatigue free
dielectric behavior that is exploited in non-volatile memory applications23, 104.
They have the general composition Bi2An-1BnO3+n (n= 1 to 3) and have two
structural layers consisting of a (Bi2O2)2+ layer between a double defect
perovskite layer of the general form (An-1BnO3n+1). The “A” site is partially
occupied by a large, dodecahedrally coordinated ion such as Ca2+, Sr2+, Mg2+,
Ba2+, Pb2+, Bi3+ or a rare earth ion, while the “B” site is occupied by an
octahedrally coordinated site such as Ga3+, Al3+, Ti4+, Ta5+ or Nb5+ 105. Among
this class of materials are SrBi2Nb2O9 (SBN) and SrBi2Ta2O9 and (SBT). A
representative structural image is presented in Figure 2.1.

A wide range of devices exploit the properties of ferroelectric materials in thin-film
form. Device applications include ferroelectric random access memory
(FRAM)106, chemical sensors35, integrated capacitors107 and electro-optic
waveguides31.
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Figure 2.1. Lattice structure of SrBi2Ta2O9/SrBi2Nb2O9.
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Many investigations have been performed to determine the electrical properties
of these materials. However, relatively little attention has been paid to their
optical properties. The perovskite layer is chemically and structurally similar to
the tungsten bronze structured compounds such as SrNb2O6108. These materials
exhibit a very large linear electro-optic (Pockels) effect. Epitaxial films of these
materials would 1) reduce light scattering at grain boundaries, 2) exploit the
anisotropy of the dielectric effect (these tetragonal materials are only ferroelectric
in the a-b plane) and 3) allow for the integration of these materials into highly
efficient and compact electro-optic modulators31. This chapter details the initial
steps at producing an efficient waveguide so that the electro-optical properties of
these materials may be studied in thin-film form. To this end, attempts have
been made to epitaxially deposit SBT and SBN on magnesium oxide (MgO) [1 0
0] single crystal substrates. Single-crystal [100] magnesium oxide was chosen to
be the substrate because of the difference in refractive index between MgO (1.7)
and SBT and SBN (~2.4). Large differences between the refractive indices of the
thin-film and substrate are desirable for electro-optic devices as devices may be
made more compact with an increasing Δn between a film and substrate. Direct
growth of SBN on MgO has been reported using laser ablation109.

Previously, it has been shown that the solution deposition of alkoxide precursor
solutions of SBT and SBN may be employed to directly deposit epitaxial films of
SBT and SBN on [100] strontium titanate110 (STO) and [100] lanthanum
aluminate (LAO)111. Solution growth allows for precise composition control and
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separates the deposition step from the crystallization step. Thus, this method
allows for greater process flexibility57. Unfortunately, previous attempts to grow
SBT and SBN directly on [100] MgO using solution deposition techniques have
been unsuccessful, presumably due to the large lattice mismatch.

To reduce lattice mismatch, a buffer-layer of lanthanum manganate (LaMnO3,
LMO) was deposited on [100] MgO via rf-magnetron sputtering. LMO has been
shown to be an excellent single buffer layer for the growth of yttrium barium
copper oxide (YBCO) on [100] MgO112. In an attempt to further simplify the
process, investigations into the solution deposition of LMO onto [100] LAO were
performed. McNally, et al.113, successfully grew epitaxial films of strontium
doped lanthanum manganate (La0.67Sr0.33MnO3, LSMO) on STO via the
deposition of metal carboxylate precursor solutions. Hybrid sol-gel precursor
solutions of LMO were prepared for this work. [100] LAO substrates were
chosen as the growth template because the very small difference in lattice
parameters of STO and LMO hinder attempts to characterize samples via XRD
experiments. LMO buffer layers were deposited via solution deposition
techniques on single crystal [1 0 0] LAO substrates.

2.2

Experimental

Bismuth (III) bromide (Alfa Aesar, 99.0%), tantalum (V) ethoxide (Alfa Aesar,
99.999%), niobium (V) ethoxide (Alfa Aesar, 99.999%), sodium metal (Alfa
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Aesar, 99.95%), strontium metal (Alfa Aesar, 99.9%), lithium metal (Alfa Aesar,
99.9%), lanthanum isopropoxide (Gelest, 99.9%), manganese (II) acetate,
anhydrous (Alfa Aesar, 98%), diethanol ammine (Alfa Aesar, 99%), 2methoxyethanol (Aldrich, HPLC grade) and t-butanol were all used as received.
THF was dried over sodium/benzophenone under argon. All reagents were
stored under an inert atmosphere. All reactions were performed utilizing
standard Schlenk techniques.

2.2.1 Solution Preparation

Bismuth (III) 2-methoxyethoxide solutions--Bismuth (III) t-butoxide was prepared
via the method of Massini et al114. A side-arm flask was charged with sodium
metal and attached to a still head. THF (100 ml) was injected into the flask.
Tertiary butanol (5% molar excess) was then added slowly to the flask. The
solvent was then allowed to reflux until the sodium had completely reacted with
the t-butanol. Approximately 24 hours passed before the sodium metal was
completely consumed. The sodium t-butoxide was light yellow.

A second side-arm flask was charged with bismuth (III) bromide. THF (100 ml)
was then injected into this flask. Dissolution of the bismuth (III) bromide occurred
immediately and a bright yellow solution was generated. The bismuth (III)
bromide solution was then added to the sodium t-butoxide solution. A white
precipitate formed immediately. The solution was then allowed to stir for 24
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hours to ensure that complete ligand exchange occurred. Approximately 190.0
ml of THF were then removed from the flask. The remaining solvent was
vacuum distilled. The flask was then transferred into a dry box and the reaction
products were removed. Bismuth (III) t-butoxide, a white solid, was then
recovered via sublimation.

Alternatively, lithium metal may be substituted for sodium (lithium reacts more
quickly than sodium). Lithium t-butoxide is soluble in THF and the resulting
solution is clear. Upon its introduction to the bismuth (III) bromide solution, a
white precipitate is also produced immediately. Following a similar workup
procedure, bismuth (III) t-butoxide may be recovered.

A side-arm flask (250 ml) was charged with bismuth (III) t-butoxide and attached
to a still-head. 2-methoxyethanol (100 ml) was injected into the still-head and
slowly added to the flask. Dissolution of the bismuth (III) t-butoxide occurred
immediately. The solution was then allowed to reflux for one hour. Following
reflux, the solution was concentrated by distillation, re-diluted, concentrated and
re-diluted again to ensure that ligand exchange had occurred. Following a final
concentration step and after the solution had been allowed to cool, the
concentration was adjusted with 2-methoxyethanol in a volumetric flask (25 ml) to
produce a 1.0 molar stock solution of bismuth (III) 2-methoxyethoxide.
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Strontium 2-methoxyethoxide solutions--A side-arm flask (250 ml) was charged
with strontium metal and attached to a still head. 2-methoxyethanol (100 ml) was
then injected into the still-head and slowly added to the flask. After the solvent
began to boil, it was allowed to reflux until the strontium had completely reacted
with the 2-methoxyethanol. The solution was then concentrated, re-diluted with
fresh 2-methoxyethanol, and concentrated once more. After the concentrated
solution had been allowed to cool, the concentration was adjusted with 2methoxyethanol in a volumetric flask (25 ml) and 0.5 molar stock solution of
strontium 2-methoxyethoxide was produced.

Tantalum and niobium 2-methoxyethoxide solutions--A side-arm flask (250 ml)
was charged with Ta(OCH2CH3)5 or Nb(OCH2CH3)5 and attached to a still head.
2-methoxyethanol (100 ml) was then injected into the still-head and slowly added
to the flask. Dissolution of the ethoxides occurred immediately. The solution
was then brought to its boiling point and allowed to reflux for one hour. The
solution was then concentrated, re-diluted, concentrated, and re-diluted once
more in order to ensure that ligand exchange had occurred. Following a final
concentration step and after the solution had been allowed to cool, the
concentration was adjusted with 2-methoxyethanol in a volumetric flask (25 ml)
allowing for the fabrication of a 1.0 molar stock solution of tantalum (V) 2methoxyethoxide.
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SBT and SBN precursor solutions--Stoichiometric volumes of the strontium 2methoxyethoxide, bismuth (III) 2-methoxyethoxide, tantalum (V) 2methoxyethoxide and (tantalum (V) 2-methoxyethoxide or niobium (V) 2methoxyethoxide) were added to a glass vial (25 ml). The resulting solutions
were then allowed to stir for several hours to prepare a stock 0.125 molar
solutions of SBT and SBN.

Lanthanum (III) 2-methoxyethoxide solutions--Lanthanum (III) 2-methoxyethoxide
solutions were prepared from lanthanum (III) isopropoxide in a manner similar to
the (Ta or Nb) 2-methoxyethoxide solutions.

Manganese (III) precursor solutions--Manganese (III) precursor solutions were
generated within 2-methoxyethanol solvent systems. A side-arm flask (250 ml)
was charged with manganese (III) acetate and attached to a still-head. 2methoxyethanol (100 ml) and diethanolamine (two molar equivalents) were
added to the flask. Diethanolamine is a coordinating agent that ‘caps’ the
manganese compound. The reaction mixture was then refluxed. It took
approximately 24 hours for the manganese acetate to completely dissolve.
Dissolution did not occur in the absence of diethanolamine. Immediately after
dissolution occurs, a clear brown solution is observed. However, the solution
then becomes black. Often, a white flocculent is produced. When this occurred,
the solutions were filtered. Following filtration, aliquots of the solution were taken
and dried. Following this the residues were annealed in air at 1000 °C. The
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Mn2O3 powder that was produced was then weighed. Solution concentration was
then determined and the Mn (III) solution was then diluted in a volumetric flask
(25 ml) allowing for the generation of a 1.0 molar Mn (III) stock solution.

LMO precursor solutions--Stoichiometric volumes of the lanthanum (III) 2methoxyethoxide and manganese (III) solutions were added to a vial (25 ml).
The solution was then allowed to stir for several hours to prepare a stock 0.5
molar solution of LMO.

2.2.2 Powder Preparation

SBT and SBN powders--SBT and SBN precursor solutions were synthesized as
previously mentioned. Powders of SBT and SBN were prepared via the
hydrolysis of measured amounts of an SBT and SBN precursor solution with
water. After gelation had occurred, the gels were dried in an open air furnace at
150 °C. Once the resulting powder was dry, it was ground with an agate mortar
and pestle and placed in a crucible and annealed at 400 °C for one hour. The
powders were then re-ground and annealed for one hour at temperatures ranging
from 600 °C to 1000 °C. Theta-2 theta X-ray diffraction patterns were then taken
to asses the qualities of the powders and to determine the temperature of the
onset of crystallization.
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LMO powders--LMO precursor solutions were synthesized as previously
mentioned. Powders of LMO were prepared via the hydrolysis of measured
amounts of an LMO precursor solution with water. Following gelation, the gels
were dried in an open air furnace at 150 °C for one hour. Once the resulting
powder was dry, it was ground with an agate mortar and pestle and placed in an
alumina crucible to be annealed at 400 °C for one hour. The powders were then
re-ground and annealed for one hour at temperatures ranging from 600-800 °C.
Theta-2 theta X-ray diffraction patterns were then taken to assess the qualities of
the powders and to determine the temperature of the onset of crystallization.

2.2.3 Substrate Preparation

Single-crystal LAO [1 0 0] substrates, 1 cm2, were sonicated in n-hexane for 15
minutes. Following sonication, the substrates were dried with a heat-gun and
then annealed in air at 1000 °C for 1 hour.

LMO buffer layer preparation--Epitaxial LMO layers, 10 nm, were deposited on 1
cm2 magnesium oxide [100] substrates via rf-magnetron sputtering. A 4 inch
diameter LMO target was sputtered in an environment of 5 x 10-3 torr of Ar/4%H2
and 5 x 10-5 torr of water vapor at a substrate temperature of 700 °C and an rf
power of 100 watts.
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Epitaxial LMO layers, approximately 40 nm, were grown on 1 cm2 lanthanum
aluminate [1 0 0] substrates via solution deposition. LAO [1 0 0] substrates were
mounted onto the spin-coater. LMO precursor solutions were then filtered and
subsequently deposited on the surface of the LAO via a filter-tipped syringe.
Following deposition, the substrate was spin-cast at 3000 rpm for thirty seconds.
The film was then annealed in an open air furnace at 800 °C for thirty minutes.

2.2.4 Film Preparation

SBT and SBN thin-films--Rf-magnetron sputtered LMO buffered MgO [1 0 0]
single-crystal substrates, 1 cm2, were mounted onto the spin-coater. SBT and
SBN precursor solutions were filtered and subsequently flooded onto the surface
of the substrate with a filter tipped syringe. The films were then spin-cast at 3000
rpm for 30 seconds. Following deposition, the films were annealed in air at 850
°C for thirty minutes. This process was then repeated six times to achieve a
desirable thickness.

Solution derived LMO buffered LAO [1 0 0] substrates were mounted onto the
spin-coater. SBT precursor solutions were filtered and subsequently flooded
onto the surface of the substrate with a filter tipped syringe. The films were then
spin-cast at 3000 rpm for 30 seconds. Following deposition, the films were
annealed in air for thirty minutes 850 °C.
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2.3

Results and Discussion

2.3.1 Powder Characterization

Powders of SBT and SBN were annealed at temperatures ranging from 600-900
°C. X-ray diffraction patterns were obtained with a 2-circle diffractometer. All
peaks were indexed in a tetragonal cell. The onset of crystallization was
observed to occur at approximately 650 °C and that 850 °C was the optimum
crystallization temperature. Θ-2θ diffraction patterns of the powders were
consistent with the diffraction patterns of powders of single phase SBT and SBN
that are reported in the literature115.

2.3.2 Thin-film Characterization

Film thicknesses were estimated by depositing amorphous films on silicon
substrates and measuring their thicknesses with an ellipsometer (ellipsometry is
described in Chapter 5). A 2-circle diffractometer was used to obtain theta-2
theta diffraction patterns. A Picker 4-circle diffractometer was used to determine
out-of-plane textures (omega scans) and in-plane textures (phi scans) as well as
for the acquisition of pole figures.

Six-layer films of SBT and SBN on LMO buffered (rf-magnetron sputtering) MgO
substrates were estimated to be approximately 0.3 µm thick based on the
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thickness of an individual layer, approximately 50 nm, as measured by
ellipsometry. Films were structurally characterized using X-ray diffraction. A
representative θ-2θ scan of a 300 nm film of SBT on LMO buffered MgO is
shown in Figure 2.2 (the θ-2θ diffraction pattern of SBN on LMO buffered MgO is
similar). Only [0 0 l] reflections of the LMO buffer layer and the substrate and the
[0 0 2l] reflections of the SBT and SBN layers are observed in the θ-2θ diffraction
patterns (Indicating that the SBT and SBN films were single phase). This reveals
that complete c-axis (out-of-plane) alignment was achieved for both systems.

In-plane orientation was confirmed by, and epitaxial relationships were
determined by, obtaining pole figures about in-plane reflections of the substrate,
buffer layer, and the SBT or SBN layer. A representative pole figure taken about
the SBT [1 0 5] reflection of the SBT film on LMO buffered single crystal [100]
MgO is shown in Figure 2.3 (The pole figure taken about the SBN [105] reflection
is similar). The pole figures revealed the expected four-fold symmetry of the
[105] reflections of both SBT and SBN.

Film quality was assessed qualitatively by taking rocking curves (ω scans) about
the SBT/SBN out-of-plane reflections and phi scans about the [1 0 5] in-plane
reflections of SBT and SBN. Figure 2.4 shows an omega scan taken about the
SBT [0010] reflection. FWHM values omega scans taken about the SBT and
SBN [0010] reflections were approximately 1° indicating that the films were highly
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Figure 2.2. θ-2θ X-ray diffraction pattern of a 300 nm epitaxial film of SBT on a LMO buffered single crystal [100]
MgO substrate.
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Figure 2.3. Pole figure taken about the SBT [105] reflection of a 300 nm SBT epitaxial film on LMO buffered single
crystal [100] MgO.
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Figure 2.4. Omega scan taken about the SBT [0 0 10] reflection of a 300 nm SBT epitaxial film on LMO buffered
single crystal [100] MgO.
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crystalline. Figure 2.5 shows a phi scan taken about the SBT [105] reflection.
FWHM values of the phi scans taken about the SBT and SBN [105] reflections
were approximately 1° indicating that the films possessed good in plane texture.
FWHM values of the omega and phi scans are tabulated in Table 2.1.

Single layered epitaxial films of SBT grown on solution derived LMO buffered
LAO were estimated to be approximately 50 nm thick based upon the previously
mentioned data derived via ellipsometry measurements. Films were structurally
characterized using X-ray diffraction. Theta-2 theta diffraction patterns reveal
only [0 0 l] reflections of the LMO buffer layer and MgO substrate and [002l]
reflections of the SBT active layer (Figure 2.6). This is indicative of a high
degree of c-axis (out-of-plane) alignment.

Film quality was assessed by taking rocking curves (ω scans) about the [0 0 10]
out-of-plane reflections of the active SBT layer (Figure 2.7). The FWHM value
for this reflection was 1.31(5)°. This value was higher than the FWHM value of
the rocking curve taken about the [0010] reflections of the films grown on the
sputtered LMO buffer layers. There are two major contributing factors to this: 1)
the out-of-plane texture of the solution deposited LMO buffer layer was not as
good as the LMO buffer layer deposited via sputtering and 2) only one SBT layer
was deposited as opposed to six layers. Phi scans about the [1 0 5] in-plane
reflection of SBT (Figure 2.8) were taken to assess in-plane orientation. The
FWHM value for the [1 0 5] reflection was 1.82(5)°. As with the FWHM values of
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Figure 2.5. Phi scan taken about the SBT [105] reflection of a 300 nm SBT epitaxial film on LMO buffered single
crystal [100] MgO.
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Table 2.1. Full width half maximum values out-of-plane and in-pane reflections
of SBT and SBN films deposited on LMO buffered single crystal [100] MgO
(Uncertainty is indicated parenthetically).

Out-of-plane

In-plane FWHM (°)

FWHM (°) about

about the [1 0 5]

the [0 0 10]

reflection

reflection
300 nm film of SBT on LMO

1.05(5)

1.11(5)

1.03(5)

1.15(5)

1.31(5)

1.82(5)

buffered MgO

300 nm film of SBN on
LMO buffered MgO
50 nm film of SBT on solgel deposited LMO
buffered MgO
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Figure 2.6. θ-2θ X-ray diffraction pattern of a 50 nm film of SBT on a solution deposited LMO buffered single
crystal [100] LAO substrate.
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Figure 2.7. Omega scan taken about the SBT [0 0 10] reflection of a 50 nm epitaxial film of SBT on a solution
deposited LMO buffered single crystal [100] LAO substrate.
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Figure 2.8. Phi scan taken about the SBT [1 0 5] reflection of a 50 nm epitaxial film of SBT on a solution deposited
LMO buffered single crystal [100] LAO substrate.
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the out-of-plane reflections, the broadening of the in-plane reflection is attributed
to the same factors as the out-of-plane reflection. Pole figures (revealing the
expected four-fold symmetry) taken about the [1 0 5] reflection of the SBT active
layer revealed a single in-plane epitaxial relationship between the film and the
substrate (Figure 2.9).

2.4

Conclusions

Epitaxial films of SBT and SBN were successfully grown on LMO buffered (via rfmagnetron sputtering) MgO substrates using solution techniques. FWHM values
of the omega and phi scans were approximately 1° for each system, indicating
that the epitaxial films of SBT and SBN were highly crystalline. The use of a
buffer layer allows for the use of solution deposition techniques that have proven
extremely valuable in the deposition of complex, multi-cationic oxide films.

Epitaxial films of LMO were successfully grown on LAO substrates. These films
were shown to be acceptable templates for the growth of epitaxial films of SBT.
In-plane and out of plane textures were not as good as the films grown on LMO
buffered MgO (FWHM values of 1.31(5)° (omega scan) and 1.82(5)° (phi scan)).
There are two factors that most likely contributed to this: 1) The solution
deposited buffer layer of LMO was not as crystalline as the LMO film deposited
via rf-magnetron sputtering and 2) single layers of SBT were deposited. It is
expected that a more tightly controlled processing regime for the buffer layer
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Figure 2.9. Pole figure about the SBT [1 0 5] reflection of a 50 nm epitaxial film of SBT on a solution deposited
LMO buffered single crystal [100] LAO substrate.
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coupled with multiple layers will improve the crystallinity of the active SBT layer.
However, considering the concentration inconsistencies often encountered with
the manganese precursor solution, an alternative manganese source will need to
be utilized for the process to become industrially viable.
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Chapter 3
The Epitaxial Growth of Thin Films of Na0.5K0.5TaO3,
Na0.5K0.5NbO3, and Na0.5K0.5Nb0.5Ta0.5O3 on Single-crystal [100]
LaAlO3 Substrates

3.1

Introduction

Thin-film ferroelectric materials may be employed in applications such as nonvolatile memory storage23, hydrogen sensors35 and thin-film optical
waveguides116. Optical waveguides and optical devices may advantageously
exploit the anisotropy of the ferroelectric effect to modulate light via the
introduction of an electric field. The application of an electric field to one of the
arms in a Mach-Zehnder wave-guide modulator induces a phase difference in the
electro-magnetic radiation that leads to destructive interference (Figure 3.1) 117.
Wave-guiding efficiency decreases due to the scattering losses at sites of
imperfection within the wave guiding film such as grain boundaries, film top
surfaces, crystalline defects and the film/substrate interface. Good quality,
epitaxial, thin-films minimize these scattering losses, resulting in an increase in
device efficiency. For efficient and compact thin-film waveguides, it is also
necessary for:

1) the refractive index of the substrate to be lower than that of the electro-optic
film,
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Figure 3.1. A conceptual drawing of a Mach-Zehnder interferometer (arrows represent the propagation direction of
electro-magnetic radiation).
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2) that the film is appropriately thick to allow for the transport of photons of
various energies (significant fraction of the wavelength of light), 3) and optimally,
for a compact device, the difference between film and substrate refractive indices
should be as large as possible.

Ferroelectric sodium potassium tantalate (NKT), sodium potassium niobate
(NKN) and sodium potassium niobium tantalate (NKNT) are environmentally
attractive for such applications due to the absence of lead within these materials.
The work presented within this chapter centers on the epitaxial growth of films of
NKT, NKN and NKTN on LAO [1 0 0] via sol-gel deposition and the potential to
employ these films as wave-guiding media.

Most of the published work in this area concerns the growth of thin-films of NKN.
Several techniques have been employed for the deposition of thin-films of NKN
such as rf-magnetron sputtering116, 118, pulse laser deposition119-122 and solution
deposition123, 124. C-axis aligned films of NKN were grown via rf-magnetron
sputtering by Wang, et al.118, but in-plane epitaxy was not reported. Blomqvist et
al.116, have reported the growth of highly crystalline, c-axis aligned, epitaxial, thinfilms of NKN on LAO [1 0 0] substrates via rf-magnetron sputtering. These films
have been shown to be promising candidates for wave-guiding devices116.

As an alternative to physical deposition, solution deposition techniques for the
growth of epitaxial thin-films of NKN are beginning to be investigated. Solution
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deposition offers the advantages of precise control of stoichiometry, flexible heat
treatment procedures, and low equipment costs.

Sönderlind et al.123, has

reported the growth of thin-films of NKN on Si substrates via the deposition of
alkoxide solutions and solutions generated via a modified Pechini method (a
metal cation forms a coordination complex with a chelating agent and is then
linked to successive chelates via a polyol bridge)63, 91. He has also reported the
growth of NKN on Pt/Ti/SiO2/Si wafers via an oxalate precursor solution123. This
was the first attempt utilizing sol-gel precursor solutions for the deposition of films
of NKN. However, their films lacked perfect c-axis alignment (the NKN [1 1 0]
reflection makes a strong appearance within each of the three presented X-ray
diffractograms (XRD)) and judging from their XRD data the films produced via
their alkoxide and oxalate precursor solutions the films lacked well developed
crystallinity, evidenced by the presence of non-perovskite reflections within their
reported XRD data. It should be noted that supporting XRD data for the film
produced via their modified Pechini method produced an X-ray diffraction pattern
revealing only the NKN [1 0 0], [1 1 0] and the [2 0 0]. Tanaka et al.124, have
reported the low temperature growth of thin-films of NKN on Si/SiO2 substrates
via sol-gel deposition. Their reported TG-DTA data reveals that the onset of
crystallization occurs at approximately 500 °C. The reported low crystallization
temperature reinforces the attractiveness of this material’s potential to be
implemented within large-scale device fabrication.
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We have also employed an all alkoxide synthetic route for the work presented
herein. However, the synthetic route utilized metallic sodium and potassium
rather than sodium and potassium alkoxides as starting materials. The
compositions of our precursor solutions consisted of metal 2-methoxyethoxide
compounds within a 2-methoxyethanol solvent system. To the best of our
knowledge, there have been no reports of the epitaxial growth of c-axis aligned
NKN thin-films via an alkoxide precursor solution deposition route and, at this
time, no reports of the growth of c-axis aligned, epitaxial, NKT thin-films via any
method. Herzog, et al.125, reports the successful growth of epitaxial films of
Na.02K0.98Ta0.66Nb0.34O3 on single crystal potassium tantalate (KTaO3, KTO)
substrates via the chemical solution epitaxy technique. However, they fail to
present any supporting X-ray diffraction data and also neglect to present their
synthetic route. To the best of my knowledge, this chapter presents the first
instance of the epitaxial growth of NKTN via chemical solution deposition
techniques. The work presented within this chapter reports the sol-gel deposition
and the subsequently successful growth of highly crystalline, c-axis aligned,
epitaxial films of NKN, NKT and NKTN on LAO [0 0 1] substrates.
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3.2

Experimental

Sodium metal (Alfa Aesar, 99.9%), potassium metal (Alfa Aesar, 99.95), niobium
(V) ethoxide (Alfa Aesar, 99.999%), tantalum (V) ethoxide (Alfa Aesar, 99.999%)
and 2-methoxyethanol (Aldrich, HPLC grade) were used as received. All
reagents were stored in an inert-atmosphere dry box. All reactions were
performed utilizing standard Schlenk techniques.

3.2.1 Solution Preparation

Sodium and potassium 2-methoxyethoxide solutions--A side-arm flask (250 ml)
was charged with sodium or potassium metal and attached to a still head.

2-

methoxyethanol (100 ml) was introduced to the flask. The solution was then
brought to its boiling point and allowed to reflux for one hour. Typically, the
potassium was consumed immediately and the sodium was consumed shortly
after the solvent began to boil. The solutions of sodium 2-methoxyethoxide and
potassium 2-methoxyethoxide were then concentrated via the distillation of 2methoxyethanol. Solution concentration was adjusted with 2-methoxyethanol in
a volumetric flask (25 ml) to obtain a 1.0 molar stock solution of sodium 2methoxyethoxide.
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Tantalum (V) 2-methoxyethoxide and niobium (V) 2-methoxyethoxide solution-Precursor solutions of tantalum (V) 2-methoxyethoxide and niobium (V) 2methoxyethoxide were prepared as shown in Chapter 2 section 2.1.

NKT, NKN and NKTN precursor solutions--Stoichiometric volumes of the sodium
2-methoxyethoxide, potassium 2-methoxyethoxide, tantalum (V) 2methoxyethoxide and niobium (V) 2-methoxyethoxide precursor solutions were
added to a glass vial (25 ml). The resulting solutions were then allowed to stir for
one hour to prepare stock 0.5 molar solutions of NKT, NKN and NKTN.

3.2.2 Powder Preparation

NKT, NKN and NKTN powders--NKT, NKN and NKTN precursor solutions were
synthesized as previously mentioned. Powders of NKT, NKN and NKTN were
prepared via the hydrolysis of measured amounts of the respective precursor
solutions with water. After gelation had occurred, the gels were dried in an open
air furnace at 150 °C. Once the resulting powder was dry, it was ground with an
agate mortar and pestle and placed in a crucible to be annealed at 400 °C for
one hour. The powders were then re-ground and annealed for one hour at
temperatures ranging from 400 to 900 °C. Theta-2 theta X-ray diffraction
patterns were then taken to asses the qualities of the powders and to determine
the temperature of the onset of crystallization.
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3.2.3 Film Preparation

NKT, NKN and NKTN thin-films--Single-crystal LAO [1 0 0] substrates were
mounted onto the spin-coater. Respective precursor solutions of NKT, NKN and
NKTN were filtered and subsequently flooded onto the surface of the substrate
with a filter tipped (0.2 μm) syringe. The films were then spin-cast at 3000 rpm
for 30 seconds. The films were annealed in air for thirty minutes at 500 °C and
then at 700 °C. This process was then repeated to produce films of a desirable
thickness.

3.3

Results and Discussion

3.3.1 NMR

13

C NMR investigations were performed on the solutions used to synthesize

powders and thin-films of NKT and NKN. Portions of each of the Na, K, NKN and
NKT precursor solutions were injected into a 5 mm NMR tube. Solvent (2methoxyethanol) was removed under vacuum at approximately 75 °C. Samples
were then re-dissolved in deuterated benzene. Figures 3.2, 3.3 and 3.4 show the
13

C spectra of sodium, potassium, niobium, tantalum, sodium potassium niobium

and sodium potassium tantalum 2-methoxyethoxides. Table 3.1 reports all of the
resonances observed for the alkoxide compounds. The resonances of the
methoxy methyl carbon (carbon ‘a’) were observed between approximately
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C NMR spectra of niobium and tantalum 2-methoxyethoxides.
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58 and 59 ppm for all of the spectra. The chemical shifts of these resonances
were relatively insensitive to cationic environment. The resonances of the
methylene carbon adjacent to the methoxy methyl group (carbon b) were
observed between approximately 74 and 76 ppm for all of the spectra. As with
carbon ‘a’, the chemical shifts of these resonances were relatively insensitive to
cationic environment. The resonances of the alpha carbon (carbon c) were
observed between approximately 61 and 72 ppm. Alpha carbon resonances
were sensitive to the cationic environment.

Sodium and potassium methoxyethoxides--Spectra collected for these samples
were similar and revealed the presence of three carbon resonances. This
indicated that these species do not undergo dimerization and that the alkaline
complexes exist independently in solution.

Tantalum and niobium methoxyethoxides--Spectra collected for these samples
were similar and revealed the presence of four carbon resonances. The
presence of two weak ‘b’ carbon resonances indicates the presence of terminal
and bridging alkoxides that are undergoing ligand exchange on the NMR
timescale. It is unlikely that the species is a monomer (a five coordinate
tantalum/niobium complex with D3h symmetry) as the axial and planar alkoxides
most likely exchange too quickly at room temperature for the NMR to detect the
resonances of the respective ‘c’ carbons. Thus, the tantalum and niobium
methoxyethoxides most likely undergo dimerization to from complexes of
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Ta2(OCH2CH2OCH3)10 and Nb2(OCH2CH2OCH3)10 (two bridging alkoxides are
present within each complex, Figure 3.5). Most primary Ta and Nb alkoxides are
dimers126

Sodium potassium tantalum and sodium potassium niobium methoxyethoxides-Spectra collected for these samples were similar and revealed the presence of
six carbon resonances. The respective NMR spectra of the NKT and NKN
methoxyethoxides reveal the presence of resonances (with slightly different
chemical shifts) that resemble a combination of the Na/K spectra with the spectra
of the appropriate transition metal. However, the presences of the axial and the
planar bridging resonances of the ‘c’ carbon present within the Ta/Nb spectra are
no longer observed. Instead, the peaks have coalesced and only a single Ta/Nb
‘c’ carbon resonance is observed. This most likely means that a double alkoxide
exists in solution. The double alkoxide that forms possesses a structure in which
two alkoxide ligands bridge the Na/K and Ta/Nb sites (resulting in a six
coordinate Ta/Nb site and a two coordinate Na/K site, Figure 3.5). The ‘c’ carbon
resonances located at approximately 68 ppm for both systems are respectively
attributed to the ‘c’ carbon of the two bridging ligands. The ‘c’ carbon resonances
located at approximately 61 ppm for both systems are attributed to the axial and
planar methoxyethoxide ligands attached to the respective transition metal. The
presence of a single resonance for this site, and the sharpness of all lines,
indicates that the axial and planar ligands are fluxional and do not exchange on
the NMR time scale.
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Figure 3.5. Structures of the Ta2(OCH2CH2OCH3)10 dimer (left) and the (Na/K)Ta(OCH2CH2OCH3)6 double
alkoxide (right).
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Table 3.1.

13

C resonances (ppm) of Na, K, Ta, Nb, NKT and NKN methoxyethoxides.

Metal Alkoxides

Methoxy

Methylene

Methylene carbon

Methylene carbon

methyl

carbon

attached to the

attached to the ethoxide

resonances

adjacent to the

ethoxide oxygen

oxygen (bridging ligand)

methoxy group

(terminal ligand)

Na(OCH2CH2OCH3)

58.47

75.37

61.04

-

K(OCH2CH2OCH3)

58.34

76.27

61.18

-

Ta2(OCH2CH2OCH3)10

58.62

74.85

64.89

70.95

Nb2(OCH2CH2OCH3)10

58.58

74.74

64.21

71.18

58.40 and

76.19 and 74.56

61.43

68.47

75.83 and 74.55

61.389

69.69

Double Alkoxides
Na.5K.5Ta(OCH2CH2OCH3)6

58.48
Na.5K.5Nb(OCH2CH2OCH3)6

58.47 and
58.37
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3.3.2 TGA/DTA
Thermo-gravimetric analyses were performed on gels of Na, K, Ta, Nb, NKT and
NKN. Thermogravimetric data was obtained using a TA Instruments TGA 2950
thermogravimetric analyzer (TGA). This instrument is interfaced to a Balzers
Thermostar mass spectrometer (0-100 amu, equipped with electron multiplier)
through a capillary tube.
Samples were prepared by hydrolysis of coating solutions, followed by drying for
30 min at 150 °C. Samples (20 to 40 mg) were place in a tared platinum sample
holder. The TGA was ramped from ambient temperature to 1000 °C at a ramp
rate of 20/min in an atmosphere of 20% O2 and 80% Ar. Starting at 200 °C,
mass spectra of the entire mass range (0 to 100) obtained every 50 sec.
Representative TGA data for samples of Na, Ta, NKT and NKN are shown in
figures 3.6, 3.7, 3.8 and 3.9.
Gas analysis--For the Na/K samples (Figure 3.6) the mass loss from 100 to 200
°C is attributed to the loss of residual solvent. For both samples the observed
weigh loss from 200 to 400 °C is attributed to the loss of the methoxyethoxide
ligand. Metal hydroxides are decomposing from 100 to 300 °C. From 500 °C on
the mass loss is attributed to the decomposition of metal carbonates. Based
upon the TGA data, both Na and K form stable carbonates. The TGA data of the
Ta and Nb samples (Figure 3.7) reveal that the loss of residual solvent occurs to
100 °C. From 100 to 400 °C the mass loss is attributed to the loss of the
methoxyethoxide ligand and the decomposition of
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Figure 3.6. Thermal gravimetric analysis of Na gel.
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Figure 3.7. Thermal gravimetric analysis of Ta gel.
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Figure 3.8. Thermal gravimetric analysis of NKT gel.
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Figure 3.9. Thermal gravimetric analysis of NKN gel.
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metal hydroxides. Based upon the TGA data, if any metal carbonates form they
decompose at low temperatures. Figures 3.8 and 3.9 show the TGA data
acquired from NKT and NKN gels. The mass spectrometric analysis of the
gaseous decomposition products of the NKT gel (Figure 3.10) reveals three
decomposition products (amu 18, 31 and 44) implying that 1) metal hydroxide
condensation reactions occur (until approximately 200 °C) producing H2O (amu
18) and oxygen bridged metal sites, 2) metal hydroxides and metal alkoxides
condense (until approximately 500 °C) producing oxygen bridged metal sites and
2-methoxyethanol indicating the loss of the methoxyethoxide ligand (amu 31 is
attributed to the methoxy (CH3-O+) group) and 3) metal carbonates decompose
(above approximately 500 °C) producing oxygen bridged metal sites and CO2
(amu 44)—implying that stable carbonates are present. There is a slight (less
than 100 °C) difference in the final weight loss of NKN with respect to NKT,
implying that NKN should crystallize at a slightly lower temperature than NKT.

3.3.3 XRD Analysis of NKT, NKT and NKTN Powders

X-ray diffraction patterns were obtained with a 2-circle diffractometer (Figures
3.11, 3.12, 3.13 and 3.14). All peaks were indexed in a pseudo-cubic cell.
Powders of NKN, NKT and NKTN were calcined at temperatures ranging from
500-900 °C. θ-2θ X-ray diffraction patterns revealed that powder samples of
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Figure 3.10. Mass spectrometric analysis of NKT gel off gasses (amu 18, 31 and 44 are respectively H2O, H3CO+
and CO2).
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Figure 3.11. Crystallization trends of powders with increasing tantalum content.
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Figure 3.12. θ-2θ X-ray diffraction patterns of powders of NKN calcined from 500 to 900 °C.
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Figure 3.13. θ-2θ X-ray diffraction patterns of powders of NKT calcined from 500 to 900 °C.
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Figure 3.14. θ-2θ X-ray diffraction patterns of powders of NKTN calcined from 500 to 900 °C.
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80

NKN had crystallized by 500 °C. X-ray diffraction revealed that both the pseudocubic phase and the pyrochlore phase were present. The peak intensities of the
pyrochlore phase reflections were very weak and had completely disappeared at
700 °C. Annealing the powders at 800 °C maximized the intensities of the
reflections of the pseudo-cubic phase.

X-ray diffraction patterns revealed that

powders of NKT annealed at 500 °C were amorphous. The onset of
crystallization occurred between 500 and 600 °C. Powders of NKT calcined at
600 °C were crystalline and both the pseudo-cubic and pyrochlore phase were
present in the XRD patterns. Calcination of NKT powders at 700 °C produced
single cubic phase diffraction patterns. The reflections of NKT reached a
maximum value at 800 °C. XRD patterns of powders of NKTN revealed that the
onset of crystallization occurred at between 500 and 600 °C. However, weak
pseudo-cubic [1 0 0] and [1 1 0] reflections as well as reflections of the
pyrochlore phase are present in the X-ray diffraction pattern of the powder
calcined at 500 °C. This was not observed for NKT powders calcined at 500 °C.
Powders of NKNT calcined at 600 °C revealed only the presence of the pseudocubic phase. The supporting X-ray diffractograms reveal that crystallization
temperatures increase with higher molar percentages of tantalum.

3.3.4 Thin-film Characterization

Film thicknesses were estimated by spectroscopic ellipsometry. Single-layer
films were determined to be approximately 40 nm thick for single-layer samples
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deposited on single-crystal [1 0 0] MgO. Film thicknesses for four layer samples
were approximately 160 nm. Atomic force microscopy revealed that films on
LAO had a surface roughness of approximately 13 nm. SEM images of samples
with an approximate thickness of 160 nm, reveal a mostly continuous surface,
but pin holes and voids are present (Figure 3.15).

A 2-circle diffractometer was used to obtain theta-2 theta diffraction patterns. A
picker 4-circle diffractometer was used to determine out-of-plane textures
(omega scans) and in-plane textures (phi scans) as well as for the acquisition of
pole figures. During this investigation, it was observed that commercially
available single-crystal substrates of LAO were mis-cut by 1 to 2°. Omega and
phi scans taken about the respective [0 0 l] and [h k 0] substrate reflections had
FWHM values of less than 0.5°. The narrowness of these reflections, the mis-cut
of the substrates and the slight misalignment of the samples, with respect to the
X-ray source, resulted in the suppression of the substrate (0 0 l) reflections.
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Figure 3.15. Scanning electron micrograph of a 160nm film of NKT on single crystal [100] LAO.
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Films were structurally characterized using X-ray diffraction. Thin-films of NKT,
NKN and NKTN on [100] LAO were pre-annealed in air at 500 °C for thirty
minutes. Following the primary annealing cycle the samples were fired in air at
700 °C for thirty minutes. Representative θ-2θ scans of NKT, NKN and NKNT
are shown in Figures 3.16, 3.17 and 3.18. θ-2θ was scanned from 20-50°
because the powder patterns revealed that the [1 1 0] reflections of each system
(located at 2θ = ~32°) were the most intense reflections of the non c-axis
reflections and because the reflections of the pyrochlore phase were observed at
2θ = ~29°. Therefore, if any non c-axis reflections or non pseudo-cubic phase
reflections were to be detected they would be detected within this region. Θ-2θ
patterns of NKT and NKN (Figures 3.16 and 3.17) reveal only the [0 0 l]
reflections of the substrate and the thin-films. This indicates that complete c-axis
(out-of-plane) alignment was achieved by each system and that the films from
each system were single phase—no pyrochlore reflections are present in the Xray diffractograms. The θ-2θ pattern of the NKTN film on LAO (Figure 3.17)
reveals the presence of an anomalous reflection at approximately 2θ = 24.8° and
was considered to be an artifact of the detector.

Film quality was assessed by taking rocking curves (ω scans) about the [0 0 l]
out-of-plane reflections of NKT, NKN and NKTN (Figures 3.19, 3.20 and 3.21).
Table 3.2 reports the FWHM values of the out-of-plane peaks and reveals the
fact that the films showed excellent out-of-plane orientation.
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Figure 3.16. θ-2θ X-ray diffraction pattern of a 160 nm film of NKT on single crystal [1 0 0] LAO.
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Figure 3.17. θ-2θ X-ray diffraction pattern of a 160 nm film of NKN on single crystal [1 0 0] LAO.
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Figure 3.18. θ-2θ X-ray diffraction pattern of a 160 nm film of NKTN on single crystal [1 0 0] LAO.
(* denotes a detector artifact)
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Figure 3.19. Omega scan taken about the NKT [2 0 0] reflection from a 160 nm NKT film on single crystal [100]
LAO.
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Figure 3.20. Omega scan taken about the NKN [2 0 0] reflection from a 160 nm NKN film on single crystal [100]
LAO.
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Figure 3.21. Omega scan taken about the NKTN [1 0 0] reflection from a 160 nm NKTN film on single crystal [100]
LAO.
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The FWHM values were less than 1° for all of the samples. As discussed in
Chapter 1 (Figure 1.6) the narrow FWHM values of the rocking curves are related
to the degree of lattice mismatch between the films and the substrate. The
narrow FWHM values are indicative of the highly crystalline out-of-plane nature
of the films. The FWHM value of the rocking curve of the NKT film is narrower
than would be expected based upon a trend between lattice mismatch and
observed FWHM values. This is most likely due to the surface roughness of the
primary layer being less than the other samples—resulting in a better growth
template for successive layers and therefore a narrower FWHM value. A more
stringent processing approach would most likely result in the narrowing of the
FWHM values of the rocking curves of NKN and NKTN.

In-plane textures were assessed via phi scans about the [h k 0] in-plane
reflections of NKT, NKN and NKTN (Figures 3.22, 3.23 and 3.24). Table 3.2
reports the FWHM values of the phi peaks. FWHM values of the phi peaks the
films of NKT and NKTN were less than 1° and the FWHM value for the NKN films
was slightly larger than 1°. As shown in Chapter 1 (Figure 1.7) the FWHM values
of the phi peaks are closely related to the percent lattice mismatch between each
respective film and the substrate. However, based upon this trend, the FHWM
values of the phi scans for NKN are larger than would be expected. This
observed broadening was probably a result of the negative contribution resulting
from the surface roughness of each underlying layer.
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Figure 3.22. Phi scan taken about the NKT [1 1 0] reflection from a 160 nm NKT film on single crystal [100] LAO.
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Figure 3.23. Phi scan taken about the NKN [2 2 0] reflection from a 160 nm NKN film on single crystal [100] LAO.
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Figure 3.24. Phi scan taken about the NKTN [1 1 0] reflection from a 160 nm NKTN film on single crystal [100]
LAO.
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Table 3.2. The a lattice constants and Full-width at half-maximum values of the rocking curves and phi reflections
for NKT, NKN and NKTN films on LAO (uncertainty in the last digit is indicated parenthetically).

Lattice

FWHM of [0 0 l]

FWHM of [h k 0]

Lattice constant

Constant (Å)

rocking curve

phi scan on LaAlO3

mismatch with
LaAlO3

on LaAlO3
NKT

3.89(1)

0.59(5)°

0.89(5)°

2.5%

NKN

3.85(1)

0.57(5)°

1.28(5)°

1.5%

NKTN

3.86(1)

0.67(5)°

0.76(5)°

1.7%
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The pole figures taken about the [hk0] reflections of the respective films (Figures
3.25, 3.26 and 3.27) revealed only the expected four-fold symmetry of the
pseudo-cubic systems (with four peaks positioned at chi 45° spaced 90° in phi)
were indicative of a single in-plane epitaxial relationship between the respective
films and the substrate (cube-on-cube epitaxy).

3.4

Conclusions

It was revealed in this investigation that the crystallization temperatures of sol-gel
derived powders of NKN, NKT and NKTN increased with increasing molar
percentages of tantalum. NMR spectroscopy revealed that Na and K alkoxides
exist as monomers in solution and that Ta and Nb alkoxides undergo
dimerization. NKT and NKN alkoxides form a double alkoxide in solution, but it is
uncertain as to their exact structures. Further studies (variable temperature
NMR) will have to be performed in order to increase the accuracy of the
predicted structure of NKT and NKN alkoxides. Epitaxial thin-films of NKT, NKN
and NKTN derived from alkoxide precursor solutions were successfully grown on
single-crystal [1 0 0] LAO substrates. Based upon observed FWHM values of the
rocking curves versus FWHM values of the phi scans, the narrowness associated
with the FWHM rocking curve values implies that each system possesses a
preferential c-axis orientation. AFM revealed that the surfaces of the films were
rough and SEM images revealed the presence of pin-holes and voids.
Processing parameters will need to be altered so that surface
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Figure 3.25. Pole figure taken about the NKT [1 1 0] reflection from a 160 nm NKT film on single crystal [100]
LAO.
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Figure 3.26. Pole figure taken about the NKN [2 2 0] reflection from a 160 nm NKN film on single crystal [100]
LAO.
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Figure 3.27. Pole figure taken about the NKTN [1 1 0] reflection from a 160 nm NKTN film on single crystal [100]
LAO.
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roughness values will decrease and so that the formation of pin holes and voids
will be avoided. Spectroscopic ellipsometry measurements for all three systems
are in progress. Solution deposition of alkoxide precursor solutions of NKT, NKN
and NKTN has shown to be a low cost method for the deposition of epitaxial thin
films of each system.
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Chapter 4
The Epitaxial Growth of Thin Films of Na0.5K0.5TaO3, Na0.5K0.5NbO3
and Na0.5K0.5Ta0.5Nb0.5O3 on Roll Textured Ni-5% W Substrates

4.1

Introduction

Thin-films of High Temperature Superconductors (HTS) with high critical current
densities have been grown on single-crystal metal oxide substrates77. These
films demonstrated the relationship between epitaxy and the realization of high
critical currents. Epitaxial HTS thin-films were shown to transport current far
more efficiently than polycrystalline films78 as they allow for the avoidance of
‘weak link’ conduction between grains71. However, the impracticality of
employing single-crystal metal oxide substrates as the template for current
transport over large distances shifted the development process towards new
growth templates.

The primary substrate technologies presently used are the rolling-assisted
biaxially textured substrates (RABiTS) (developed by ORNL79) and the ion-beam
assisted deposition technique (IBAD) that was developed by Fujikura127. X-ray
diffraction has revealed that IBAD allows for highly textured, FWHM values of 23°, films of YBCO128. YBCO films on RABiTS typically have in-plane and out-ofplane textures FWHM values of 4-6° 129. The broadening of the FWHM values is
due to the perturbations in the orientations of the Ni-5% W grains (grain
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misorientations range from approximately 1 to 10° and 95% of the grains have a
misorientation of ~7° 130) and the diameter of the X-ray diffraction beam. The
average Ni-5% W grain size is approximately 50 μm (Figure 4.1) and the
diameter of the X-ray diffraction beam is approximately 2 mm—FWHM values
are therefore representative of the average misorientation of the Ni-5% W grains.

IBAD allows for the deposition of textured buffer layers on polycrystalline
substrates70. This is an especially attractive aspect of this technology. Thin-film
deposition is achieved by simultaneously using multiple ion beams. One beam
controls the deposition and the other beam is used to etch the surface of the film
at an angle that will produce a desired orientation131. The major drawback of the
IBAD process is that the deposition rate of the buffer is very slow.

The RABiTS process, developed by Goyal, et al.79, utilizes epitaxial buffer layers
deposited on roll-textured Ni tapes78. Biaxially textured Ni substrates are
produced by the consecutive rolling of a polycrystalline, randomly oriented, highpurity (99.9%) bar (total deformations are greater than 90%) followed by
re-crystallization under Ar/4% H2 (resulting in the metastable cubic structure)79,
130

. Buffer layers have been deposited via PLD79, e-beam132, rf-magnetron

sputtering132 and chemical solution deposition133 techniques. A coated conductor
system that utilized only chemical solution deposition techniques would greatly
simplify the production of large lengths of HTS tapes. Morrell, et al.53, have
grown epitaxial buffer layers of gadolinium oxide on roll-textured nickel.
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Figure 4.1. SEM image of a roll-textured Ni-5%W substrate revealing the Ni-5% W grain size.
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Paranthaman, et al.133, have recently reported the successful fabrication of
RABiTS based HTS tapes completely derived from metal-organic precursor
solutions. Lanthanum zirconate (La2Zr2O7, LZO) was used as the primary buffer
layer. Epitaxial films of LZO were crystallized at 1100 °C.

This chapter describes the development of epitaxial films of NKT, NKN and
NKTN that may be potentially incorporated within the RABiTS architecture.
Structurally, these films are similar to the cubic perovskite lanthanum manganate
(LaMnO3, LMO). Aytug, et al.134 have shown that rf-magnetron sputtered films of
LMO allow for the epitaxial growth of high Jc films of YBCO. With structures
similar to LMO and crystallization temperatures lower than LZO, films of NKT,
NKN and NKTN are promising alternative buffer layers. Electrical measurements
of a single-layer film of NKT on Ni-5% W were also taken. Preliminary results
reveal this system, and presumably the other systems, to be a promising
candidate for thin-film capacitor applications.

4.2

Experimental

Sodium metal (Alfa Aesar, 99.9%), potassium metal (Alfa Aesar, 99.95%),
niobium (V) ethoxide (Alfa Aesar, 99.999%), tantalum (V) ethoxide (Alfa Aesar,
99.999%) and 2-methoxyethanol (Aldrich, HPLC grade) were used as received.
All reagents were stored in an inert-atmosphere dry box. All reactions were
performed utilizing standard Schlenk techniques.
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4.2.1 Solution Preparation

Sodium and potassium 2-methoxyethoxide solutions--The synthesis of precursor
solutions of sodium 2-methoxyethoxide and potassium 2-methoxyethoxide were
reported in Chapter 3 section 2.1.

Tantalum (V) 2-methoxyethoxide and niobium (V) 2-methoxyethoxide solution--:
The synthesis of precursor solutions of tantalum (V) 2-methoxyethoxide and
niobium 2-methoxyethoxide were reported in Chapter 2 section 2.1.

NKT, NKN and NKTN precursor solutions--The synthesis of precursor solutions
of NKT, NKN and NKTN were reported in Chapter 3 section 2.1.

4.2.2 Film Preparation

NKT, NKN and NKTN thin-films: Ni-5%W substrates were pre-annealed at
1250 °C under Ar/4% H2 and sonicated in isopropanol for 30 minutes. The
deposition process of single-layer films of NKT, NKN and NKTN on Ni-5% W was
identical to the process detailed in Chapter 3. Films were calcined in a reducing
atmosphere under Ar/4% H2 at 700 °C in order to prevent the formation of a
nickel oxide (NiO) layer.
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4.3

Results and Discussion

Film thicknesses were determined via ellipsometry. Single layer films deposited
on MgO were determined to be approximately 40 nm thick. Scanning electron
microscopy was used to determine the surface morphologies of the films. An
example SEM image (Figure 4.2) revealed that the single-layer films were
continuous and crack free (dust particles are present of the surface). Atomic
force microscopy was used to assess the surface roughness of the samples.

4.3.1 X-ray Diffraction

θ-2θ X-ray diffraction patterns of thin-films of NKT, NKN and NKTN on Ni-5% W
substrates (Figures 4.3, 4.4 and 4.5) revealed that films of NKT, NKN and NKTN
grew with complete c-axis orientation showing only the out-of-plane [0 0 l]
reflections. The θ-2θ diffraction patterns also indicate that the formation of NiO
had not occurred. Films of NKT were shown to achieve complete c-axis
alignment at approximately 550 °C in an Ar/4% H2 environment and that the caxis reflections reached a maximum intensity at 900 °C.
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Figure 4.2. Scanning electron micrograph (showing the grain boundaries) of a
40 nm film of NKT on Ni-5% W.
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Figure 4.3. θ-2θ X-ray diffraction pattern of NKT on Ni-5% W.
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Figure 4.4. θ-2θ X-ray diffraction pattern of NKN on Ni-5% W.
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Figure 4.5. θ-2θ X-ray diffraction pattern of NKTN on Ni-5% W.
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Film quality was assessed by taking rocking curves (omega scans) about [0 0 l]
reflections of the films of NKT, NKN and NKTN (Figures 4.6, 4.7 and 4.8). Table
4.1 reports the FWHM values of the out-of-plane peaks and reveals that the outof-plane texture of the films had greatly improved over the out-of-plane texture of
the Ni-5% W (The FWHM values of the omega scans about the [00l] reflections
for the films of NKT, NKN and NKTN were less than 4°, while the FWHM values
for the Ni-5% W [0 0 2] varied between 5 to 6°). Based upon the lattice mismatch
percentages between each of the films and the Ni-5%W substrate, the measured
FWHM values of the rocking curves taken about the [00l] film reflections became
narrower with an increase in the lattice mismatch percentage. This is most likely
due to either 1) processing inconsistencies for different batches of the substrate
(deviations in the FWHM values of rocking curves taken about Ni-5% W [00l]
reflections—roll textured Ni-W often displays significantly different texture from
batch to batch), 2) imperfect processing of the thin-films and/or 3) increasing
molar percentages of tantalum result in a greater degree of preferred c-axis
orientation. It is assumed that if thin-films of each system had been deposited on
Ni-5% W substrates taken from the same batch that the FWHM values taken
about the film [00l] reflections would increase with the molar percentage of
tantalum.

Phi scans (Figures 4.9, 4.10 and 4.11) and pole figures (Figures 4.12, 4.13 and
4.14) about the [h k 0] reflections of the films were taken to assess the in-plane
texture and epitaxial relationship between the films and substrate.
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Figure 4.6. Omega scan taken about the [2 0 0] reflection of NKT from a 40 nm NKT film on Ni-5% W.
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Figure 4.7. Omega scan taken about the [1 0 0] reflection of NKN from a 40 nm NKN film on Ni-5% W.
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Figure 4.8. Omega scan taken about the [1 0 0] reflection of NKTN from a 40 nm NKTN film on Ni-5% W.
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Figure 4.9. Phi scan taken about the NKT [1 1 0] reflection from a 40 nm NKT film on Ni-5% W.
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Figure 4.10. Phi scan about the NKN [1 1 0] reflection from a 40 nm NKN film on Ni-5% W.
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Figure 4.11. Phi scan about the NKTN [1 1 0] reflection from a 40 nm NKTN film on Ni-5% W.
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Figure 4.12. Pole figure about the NKT [1 1 0] reflection from a 40 nm NKT film on Ni-5% W.
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Figure 4.13. Pole figure about the NKN [1 1 0] reflection from a 40 nm NKN film on Ni-5% W.
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Figure 4.14. Pole figure about the NKTN [1 1 0] reflection from a 40 nm NKTN film on Ni-5% W.
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FWHM values of the phi scans taken about the film [hk0] reflections are reported
in Table 4.1. FWHM values of the phi scans revealed that the in-plane textures
of the films were comparable to that of Ni-5% W and, unlike the out-of-plane
reflections, did not improve. The relationship between lattice mismatch and
FWHM values of the phi scans reveals that the values decrease with lower lattice
mismatch percentages. Pole figures taken about the [hk0] reflections of the
films (four peaks located at chi 45° spaced 90° in phi) revealed that an excellent
epitaxial relationship existed between the film/s and the substrate.

4.3.2 Electrical Measurements

Preliminary electrical measurements reveal that 40 nm films of NKT on Ni-5% W
are promising candidates for thin-film dielectric applications. Silver top
electrodes (0.2 mm diameter, 100nm thick) were deposited using a shadow
mask. Capacitance measurements as a function of frequency were performed
on the 40 nm NKT/Ni-5% W sample using a Hwelett Packard 4194A impedance
analyzer (100 Hz to 1 MHz and 0.01 V rms) at room temperature. Figure 4.14
shows the experimentally determined change in the dielectric constant and
observed losses within a frequency range of 100 to 1 MHz. Measurements
revealed that this thin-film sample has a relatively large dielectric permittivity (εr =
175 and ~30 at 100 Hz and 1 MHz respectively) compared to MgO (εr = 10 at
high frequencies). The breakdown voltage for the 40 nm film of NKT is
approximately 2.5 x 105 V/cm.
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Table 4.1. FWHM values of the omega and phi peaks and percent lattice mismatch for films of 40 nm films of NKT,
NKN, and NKTN on Ni-5% W (uncertainty in the last digit is indicated parenthetically).

Out-of-plane FWHM

In-plane FWHM

values (°) about (00l)

values (°) about the

reflections

(hk0) reflections

NKT

3.56(5)

7.64(5)

10.38

NKN

3.94(5)

6.46(5)

9.25

NKTN

3.81(5)

6.51(5)

9.53
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Figure 4.15. Dielectric permittivity and loss tangent behavior of 40 nm films of NKT on Ni-5% W.
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It is assumed that thicker films will result in an increase in the dielectric constant
and a decrease in observed losses. Multi-layered samples of NKT on Ni-5%W
are being prepared.

4.4

Conclusions

Sol-gel deposition provides a simple and low-cost method for the deposition of
high quality heteroepitaxial films of NKT, NKN and NKN. Good in-plane and outof-plane textures were observed for all three systems. An inverse relationship
between FWHM values of out-of-plane reflections and lattice mismatch
percentages was observed. In order to adequately determine whether or not this
relationship governs these systems and that tantalum content contributes to this
deviance, samples will need to be prepared on Ni-5% W substrates retrieved
from the same batch. An expected trend between the FWHM values of the inplane reflections and percent lattice mismatch (decreasing FWHM values with
decreasing percent lattice mismatch) was observed for these materials. These
materials are attractive candidate materials that may potentially be employed as
buffer layers for HTS YBCO epitaxial thin-films. Preliminary electrical
measurements of 40 nm films of NKT show that this material is a promising
candidate for thin-film capacitor applications. Electrical measurements for multilayered films of NKT as well as the remaining systems are in progress.
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Chapter 5
Epitaxial Growth of Thin Films of Na0.5K0.5TaO3 and Na0.5K0.5NbO3
on Single-Crystal [1 0 0] MgO substrates

5.1

Introduction

Electro-optic modulators exploit the linear (Pockel’s) electro-optic effect exhibited
by ferroelectric materials (the anisotropy of the ferroelectric effect).
Birefringence, the decomposition of a ray of light into its constituent components
(the ordinary and extraordinary rays), may be induced in an electro-optic material
upon the application of either a constant of varying electric field. This effect is
only observed in systems that are non-centrosymmetric. In essence, light
modulation involves the on/off switching of the carrier and the direct detection by
a PIN (p-type semiconductor-intrinsic-n-type semiconductor) or avalanche
photodiode135.

Bulk electro-optic crystals, such as lithium niobate (LiNbO3, LNO)136 are
commonly used. However, bulk crystals are expensive to manufacture.
Furthermore, the size restraints of compact microelectronic devices disallow the
use of bulk crystals. Depositing thin-films of materials that exhibit the electrooptic effect allows for their integration into micro-electronic devices. Scattering
losses are incurred due to surface roughness, misaligned grains and crystalline
defects. These losses may be minimized via the growth of epitaxial thin films.
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Thin-films of NKN have been deposited by rf-magnetron sputtering116, 118, pulse
laser deposition119, 120 and solution deposition122-124. Few attempts have been
made that utilize solution deposition for the growth thin-films of NKN123, 124 .
Herzog, et al.125, reports the epitaxial growth of ferroelectric
Na0.2K0.98Ta0.66Nb0.34O3. There are no reports of the solution deposition of
epitaxial films of NKN and NKT. This investigation explores the possibility of
growing epitaxial films of NKN and NKT on single crystal [1 0 0] MgO. Chapter 3
detailed the growth of these films on single crystal [1 0 0] LAO. In this
investigation, MgO was used as a substrate because its index of refraction is
lower (1.8) than the refractive index of LAO (2.0).

5.2

Experimental

Sodium metal (Alfa Aesar, 99.9%), potassium metal (Alfa Aesar, 99.95), niobium
(V) ethoxide (Alfa Aesar, 99.999%), tantalum (V) ethoxide (Alfa Aesar, 99.999%)
and 2-methoxyethanol (Aldrich, HPLC grade) were used as received. All
reagents were stored in an inert-atmosphere dry box. All reactions were
performed utilizing standard Schlenk techniques.

5.2.1 Solution Synthesis

Sodium and potassium 2-methoxyethoxide solutions: The synthesis of precursor
solutions of sodium 2-methoxyethoxide and potassium 2-methoxyethoxide were
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reported in Chapter 3.

Tantalum (V) 2-methoxyethoxide and niobium (V) 2-methoxyethoxide solutions:
The synthesis of precursor solutions of tantalum (V) 2-methoxyethoxide and
niobium 2-methoxyethoxide were reported in Chapter 2.

NKN and NKT precursor solutions: The synthesis of precursor solutions of NKN
and NKT were reported in Chapter 3.

5.3

Results and Discussion

5.3.1 XRD Analysis

Acquiring X-ray diffraction patterns of thin-films of NKT and NKN on [100] MgO
was one of the more challenging aspects of this project. Several [100] MgO
samples were determined to be mis-cut by more than 2°. Single-crystal [1 0 0]
MgO substrates, positioned at chi 90°, should be transparent throughout θ-2θ
until the MgO [2 0 0] reflection, the first allowed reflection, at approximately 42.9°
θ-2θ. Setting the 2-theta angle at the expected position of a film’s [001] reflection
and scanning theta allows for the substrate to be aligned properly with respect to
the beam. In this case an unidentifiable, highly intense, substrate peak was
detected. This peak could be due to poor crystallinity of chemical impurities.
When the theta angle was fixed to this position and θ-2θ was scanned, the
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background radiation saturated the detector. Treating the NKN [2 0 0] reflection
similarly resulted in the resolution of a [2 0 0] reflection at 45.7° θ-2θ. The
FWHM of the rocking curve of this reflection was less than 1°. Phi scans and
pole figures of this [2 2 0] reflection revealed data that would support the
existence of an epitaxial thin-film. However, these patterns were consistently
obtained from uncoated single-crystal [100] MgO substrates. Therefore, θ-2θ
diffraction patterns that revealed the presence of the [100] reflection of one of the
films were considered to be valid representative patterns of thin-films of NKN and
NKT.

θ-2θ diffraction pattern of NKN on MgO reveal only c-axis reflections indicating
that the film is completely aligned with respect to the c-axis (Figure 5.1). The
θ-2θ diffraction pattern of the NKT film on MgO reveals a preferred c-axis
orientation and a near complete c-axis alignment. The presence of either a weak
intensity [110] reflection, detector artifacts or a combination of the two is present
(Figure 5.2). Due to the mis-cut of the substrate and its position with respect to
the beam, the MgO [200] reflection is distorted and weaker than normal.

Rocking curves were taken about the NKN [1 0 0] reflection to assess out-ofplane quality (Figure 5.3). The NKN [1 0 0] reflection is split, possibly as a result
of polarization along this plane, and has a combined FWHM value of 1.67°.
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Figure 5.1. θ-2θ X-ray diffraction pattern of NKN on MgO.
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Figure 5.2. θ-2θ X-ray diffraction pattern of NKT on MgO.
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This value is larger than the values observed for the films on LAO, but the lattice
mismatch between NKN and MgO is considerably larger.

In-plane textures were assessed via phi scans about the [1 1 0] reflection of NKN
(Figure 5.4). The FWHM value of the phi [1 1 0] reflection was 2.27°. As with the
FWHM values of the rocking curve, this value is large due to the large lattice
mismatch (8.5%) between NKN and MgO. Pole figures about the NKN
[1 1 0] (Figure 5.5) reflection indicated the strong epitaxial relationship between
the film and the substrate. FWHM values of the rocking curve taken about the
[100] reflection and of the phi scan taken about the [110] reflection are tabulated
in table 5.1.

5.3.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a precise, non-contact, measurement technique.
This method allows for the determination of film optical and structural properties
(such as refractive index, optical absorption, thickness and surface
roughness)137. Samples are illuminated with polarized light and a detector
measures the change in polarization state of the probe beam that has either
been reflected or transmitted through a sample.

The change in polarization is

represented as an amplitude ratio, Ψ, and a phase difference, Δ. The measured
response is dependent on optical properties and thickness of each layer.
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Figure 5.4. Phi scan about the NKN [1 1 0] reflection of the NKN film on single crystal [100] MgO.
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Figure 5.5. Pole figure taken about the NKN [1 1 0] reflection of the NKN film of single crystal [100] MgO.

150

Table 5.1. Lattice constant, FWHM values of rocking curves, FWHM value of phi scans and lattice mismatch of the
NKN film on single crystal [100] MgO (uncertainty in the last digit is indicated parenthetically).

Lattice

FWHM of [0 0 1]

FWHM of [1 1 0]

Lattice

Constant

rocking curve

phi scan on

constant

(a axis, Å)

on MgO

MgO

mismatch
with MgO

NKN

3.852(1)

1.67(5)°

151

2.27(5)°

8.5%

Ellipsometry measurements are primarily concerned with the change in p- and scomponents of polarized light following reflection or transmission. The
ellipsometry measurement (Equation 5.1) is a measurement of the change in
polarization where,

ρ = tan (Ψ )e iΔ

Equation 5.1

Ψ is the amplitude ratio and Δ is the phase difference. Typically all wavelengths
are analyzed simultaneously. A dispersion relationship (such as the Cauchy
relationship) is then used to describe the optical constant versus the
wavelength137. A model that approximately describes the individual layer’s
thickness and refractive index and that of the substrate is required.

Spectroscopic ellipsometry measurements were taken of 40nm and 130 nm films
of NKN on [1 0 0] MgO (Figures 5.6 and 5.7). Refractive indices for the 40 nm
film were 2.25 and 2.212 at wavelengths of 307 and 565 nm. Refractive indices
for the 130 nm film were 1.92, 2.07 and 2.08 at respective wavelengths of 316,
454 and 977 nm. The refractive index values on the 40 nm film were closer to
the reported values of NKN. Based upon the spectroscopic ellipsometry
measurements, the 40 nm film shows potential wave-guiding modes at 307 nm (a
large difference between the film and substrate refractive indices with a low
extinction coefficient) and from 565 to 1000 nm (in this region a maximum
difference in refractive indices is observed at 565 nm and the difference
decreases to 1000 nm, but the extinction coefficient continues to decrease as
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Figure 5.6. Refractive indices and extinction coefficients for the 40 nm film of NKN on single crystal [100] MgO.
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Figure 5.7. Refractive indices and extinction coefficients for the 120 nm film of NKN on single crystal [100] MgO.
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well). Maximum refractive index values measured at specific wavelengths for the
130 nm film were lower than those measured for the 40 nm film. Spectroscopic
ellipsometry data suggests that wave-guiding modes are potentially present at
~500 nm and 1000 nm (a large Δn and a low tanδ).

5.4

Conclusions

It was established via XRD analyses that epitaxial films of NKN may be grown on
[1 0 0] MgO via solution deposition. However, it was only established that c-axis
oriented films of NKT were grown. Due to the substrates being badly mis-cut and
the unexplained substrate reflections that overlapped precisely where the film
reflections should appear, the XRD data did not support an epitaxial relationship
between the NKT film and the substrate. FWHM values of the omega and phi
scans from the NKN film were larger than the NKN/LAO system and this is
attributed to the larger lattice mismatch percent between NKN and single crystal
[100] MgO.

Refractive index values for single layer films of NKN were in close

agreement with reported values, while the values of thicker films were lower than
expected. However, the extinction coefficient values were higher for the singlefilm layers. This is most likely due to the increased contribution of surface the
surface roughness of the single layer films, but atomic force micrographs will
need to be obtained to confirm this. Data acquired via spectroscopic ellipsometry
suggests that wave-guiding modes are present in both the 40 and 120 nm films
of NKN deposited on single crystal [100] MgO. Spectroscopic ellipsometry
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measurements are being obtained for films of NKT on [100] MgO.
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Chapter 6
Confined Syntheses of Metal-Oxide Nanoparticles

6.1

Introduction

Materials that are within the size domain of 1-100 nm are considered nanomaterials. The properties of nano-materials are differing from the properties of
possessed by bulk materials. Compared to bulk materials, nanoparticles possess
a considerably larger percentage of surface atoms. The large fraction of surface
atoms, very energetic surfaces, spatial-confinement and near perfect crystallinity
contribute to this observed deviation from bulk properties100. Due to the large
surface/volume ratio, nanoparticles exhibit lower melting points and have
significantly reduced lattice constants. In the case of crystalline nanoparticles, the
near perfect crystallinity allows for nano-particles to almost reach their theoretical
mechanical strength. Semi-conductor nanoparticles exhibit an increase in the
band gap due to quantum confinement100. Composites of dielectric nanomaterials are predicted to be the next step in fabrication of functional dielectric
materials because of the better surface, thermal, mechanical properties101.

Nanoparticles are produced via a variety of synthetic routes. Co-precipitation82,
sol-gel processing83, hydrothermal processing84 and microemulsion85 are
commonly employed liquid phase synthetic routes. The work presented within
this chapter utilized the microemulsion synthetic route. Microemulsions were
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originally observed by Hoar and Schulman97. Reverse micelles form when
surfactant molecules (long-chain organic molecules with a hydrophilic head and a
hydrophobic tail) are introduced to an ‘oil phase’ solvent. Essentially, they are
spherical aggregates of the surfactant molecules. Due to the small size of
reverse micelles, they exhibit continuous Brownian motion. Therefore, collisions
between micelles are frequent. Upon collision, the liquids encapsulated by the
micelles are exchanged98. In the case of nano-aliquots of sol-gel solutions and
30% H2O2, hydrolysis occurs within the nano-reactor and size selected metaloxide nanoparticles are formed99. Particle size may be adjusted by adjusted by
employing different surfactants, solvents and by adjusting the concentration of
the reagents99.

6.2

Experimental

All reactions were performed under an inert atmosphere utilizing standard
Schlenk techniques. Starting materials were transferred from an inert
atmosphere dry box. Tetrahydrofuran was dried over sodium benzophenone
under argon. Phenyl ether and Oleic acid were dried via vacuum distillation.
Bismuth (III) bromide (Alfa Aesar, 99.0%), tantalum (V) ethoxide (Alfa Aesar,
99.999%), niobium (V) ethoxide (Alfa Aesar, 99.999%), sodium metal (Alfa
Aesar, 99.95%), strontium metal (Alfa Aesar, 99.9%), lithium metal (Alfa Aesar,
99.9%), 2-methoxyethanol (Aldrich, HPLC grade), hydrogen peroxide (Alfa
Aesar, 30%) and t-butanol were all used as received.
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6.2.1 Solution Synthesis

Bismuth (III), strontium, tantalum (V), niobium (V), SBT and SBN 2methoxyethoxide solutions: The syntheses of these precursor solutions were
detailed in Chapter 2 section 2.1.

Sodium, potassium, NKT and NKN 2-methoxyethoxide solutions: The syntheses
of these precursor solutions were detailed in Chapter 3 section 2.1.

6.2.2 Nanoparticle Synthesis

SBT and SBN nanoparticle synthesis: Phenyl ether (50 ml) and oleic acid (2.0
ml) were placed under argon and heated to approximately 110 °C. SBT/SBN
precursor solution (0.2 ml) and hydrogen peroxide (2.0 ml) were simultaneously
injected into the reaction vessel. Hydrolysis rapidly occurred. The solution was
then allowed to reflux for 24 hours. Water was then removed under vacuum.
Following the synthesis, 2-propanol (50.0 ml) was added to the solution in order
to bring about the precipitation of the SBT/SBN nanoparticles. After dispersing
the particles throughout the solvent, aliquots were subjected to centrifugation at
10k rpm for 10 minutes. The supernatant was decanted and toluene (5.0 ml)
followed by 2-propanol (5.0 ml) were added to re-dissolve and wash the
nanoparticles, this process was then repeated five times.
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NKT/NKN nanoparticle synthesis: Phenyl ether (50 ml) and oleic acid (2.0 ml)
were placed under argon and heated to approximately 110 °C. NKT/NKN
precursor solution (0.2 ml) and hydrogen peroxide (2.0 ml) were simultaneously
injected into the reaction vessel. Hydrolysis rapidly occurred. The solution was
then allowed to reflux for 24 hours. Water was then removed under vacuum.
Following the synthesis, 2-propanol (50.0 ml) was added to the solution in order
to bring about the precipitation of the NKT/NKN nanoparticles. After dispersing
the particles throughout the solvent, aliquots were subjected to centrifugation at
10k rpm for 10 minutes. The supernatant was decanted and toluene (5.0 ml)
followed by 2-propanol (5.0 ml) were added to re-dissolve and wash the
nanoparticles, this process was then repeated five times.

6.3

Results and Discussion

6.3.1 XRD Analysis

θ-2θ diffraction patterns of SBT, SBN, NKT and NKN nanoparticles were treated
with the Debye-Scherer equation(equation 6.1), which relates the crystalline
domain size of a specimen to the line widths observed in its X-ray diffraction
spectrum,
t=

0.9λ
⎛ 2θb ⎞
B cos⎜
⎟
⎝ 2 ⎠
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Equation 6.1

Where t is the size, λ is the wavelength of the radiation, B is the FWHM value of
the diffracted peak and 2θb is the 2θ position of the center of the diffracted peak.
Variable B from the Debye-Scherer equation was obtained from θ-2θ X-ray
diffraction patterns of the SBT, SBN, NKT and NKN nanoparticles via the deconvolution of the diffraction patterns. The patterns were de-convoluted by fitting
the reflections (set to their relative intensities) obtained from the PDF cards (SBT
and SBN) and the powder patterns (NKT, NKN) into the X-ray diffraction pattern
of nano-particles. FWHM values of the B variable used in the Debye-Scherer
equation were based upon the FWHM values of the sample reflections that gave
the best fit to the X-ray diffraction patterns of the nano-particles.

SBT and SBN nanoparticles: θ-2θ diffraction patterns of SBT and SBN
nanoparticles revealed very broad peaks (Figure 6.1) that are typical of small
particles. Treatment of the prominent θ-2θ reflection with the Debye-Scherer
equation revealed the average particle size of both SBT and SBN nanoparticles
to be approximately 2 nm.

NKT and NKN nanoparticles: θ-2θ diffraction patterns of NKT and NKN
nanoparticles revealed very broad peaks (Figure 6.2) that are typical of small
particles. Using the powder diffraction peak positions and intensity rations for
NKT, the broad diffraction pattern of Figure 6.2 was deconvoluted using only the
total area and the FWHM of all peaks as variables.
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Figure 6.1. θ-2θ X-ray diffraction pattern of SBT nanoparticles.
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Figure 6.2. θ-2θ X-ray diffraction pattern of NKT nanoparticles.
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Figure 6.3. De-convoluted θ-2θ X-ray diffraction pattern of NKT nanoparticles.
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The resulting fit is shown in Figure 6.3. Using the obtained FWHM, an average
particle size of 3.3 ± 0.3 nm was obtained.

6.3.2 Transmission Electron Microscopy

Transmission electron microscopy (Hitachi HF-2000 TEM) was used to
characterize the SBT and SBN nanoparticles. TEM grids coated with amorphous
carbon were dipped into a vial containing nanoparticles suspended in methanol.
TEM images of SBT and SBN nanoparticles (Figure 6.4) revealed that the
particle size was approximately 5 nm and varied in diameter by less than 10%.
Electron diffraction patterns (not shown) revealed that the nanoparticles were
initially amorphous. Electron diffraction patterns revealed that the particles
crystallized after they were subjected to extended periods of illumination with the
electron beam (Figure 6.4 inset).

6.4

Conclusions

SBT, SBN, NKN and NKT nanoparticles were successfully synthesized within
reverse micelles via the rapid hydrolysis of alkoxide precursor solutions with 30%
H2O2 at ~110 °C. Particle sizes were approximated via he treatment of FWHM
values of the [115] and [110] reflection (SBT/SBN and NKT/NKN respectively),
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Figure 6.4. Transmission electron micrograph of SBT nanoparticles (Inset is an electron diffraction pattern).

166

obtained from de-convoluted θ-2θ X-ray diffraction patterns, with the DebyeScherer equation. The approximate particle sizes of SBT/SBN and NKT/NKN
were ~2 and 3 nm respectively. TEM images revealed that SBT/SBN particles
were approximately 5 nm. Electron diffraction patterns indicated that the as
synthesized SBT and SBN particles were amorphous. A crystallization step
(possibly via hydrothermal processing) will need to be included in the process.
This synthetic route proved to be a simple, low-temperature, method allowing for
the synthesis of complex metal-oxide nanoparticles.
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Chapter 7
Summary

In summary, this dissertation detailed the versatility of alkoxide precursor
solutions for the synthesis of functional materials (epitaxial thin films and metal
oxide nanoparticles). Epitaxial thin-films of NKT, NKN and NKTN were grown at
low-temperature on a variety of substrates. Amorphous nanoparticles of SBT,
SBN, NKT, NKN and NKTN were synthesized within reverse micelles. The low
temperature processing conditions make these materials (thin-films and
nanoparticles) and their respective synthetic routes attractive candidates for
device applications.

Chapter 2 detailed the epitaxial growth of thin films of SBT and SBN on LMO
buffered (via rf-magnetron sputtering) [100] MgO single crystal substrates via
chemical solution deposition. X-ray diffraction confirmed that the thin films were
epitaxial. In order to simplify the process by employing an all solution deposition
route, LMO buffer layers (derived from a hybrid sol-gel precursor solution) were
deposited on single crystal [100] LAO substrates. Epitaxial films of SBT were
successfully grown on the LMO buffered LAO—showing that an all solution
deposition route may potentially be used for the epitaxial growth of the active
layer (SBT or SBN) as well as the buffer layer (LMO) on single crystal [100] MgO.

Chapter 3 detailed the low-temperature growth of epitaxial growth of NKT, NKN
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and NKTN on single crystal [100] LAO substrates via chemical solution
deposition. X-ray diffraction confirmed that the films were epitaxial. SEM images
showed that the films contained either cracks or voids. AFM showed that the film
surfaces were undesirably rough. However, as the films were epitaxial, this does
not detract from the viability of the alkoxide solution deposition process. Instead
the SEM and AFM data suggest that processing parameters will need to be
adjusted in order to obtain high quality, crack/void free and smooth epitaxial
films. Future work will involve spectroscopic ellipsometry studies to determine
whether or not these solution deposited films are viable candidates for electrooptic wave guiding applications.

Chapter 4 detailed the low temperature epitaxial growth of NKT, NKN and NKTN
thin films on roll-textured Ni/5% W. X-ray diffraction confirmed that the films were
epitaxial and that the out-of-plane textures of the films had improved significantly
over the out-of-plane texture of the roll textured Ni/5% W. In-plane textures were
comparable to the in-plane texture of the roll textured Ni/5% W. Therefore, the
films may be acceptable alternative buffer layers that could be employed within
the RABiTS high temperature superconductor architecture. Electrical
measurements of the 40 nm films of NKT revealed that the system may be
potentially be used for thin-film capacitor applications. Possible directions for
future work with these materials would include 1) determining whether or not
these films may be incorporated within the RABiTS architecture and 2) increasing
the film thickness and determining the electrical properties of the thicker films.
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Chapter 5 detailed the epitaxial growth of NKN and the c-axis aligned growth of
NKT on single crystal [100] MgO. X-ray diffraction confirmed that the films of
NKN had grown epitaxially. Spectroscopic ellipsometry revealed that the
epitaxial films of NKN may potentially be used in electro-optic wave-guide
devices. Future work will involve the fine tuning of the film processing
parameters and an in-depth spectroscopic ellipsometry study of films with varying
thicknesses.

Chapter 6 detailed the low temperature, confined syntheses of metal oxide
nanoparticles. θ-2θ X-ray diffraction patterns indicated that the average particle
sizes of the SBT/SBN and the NKT/NKN nanoparticles were approximately 2 and
3 nm respectively. TEM investigations indicate that the approximate size of the
SBT/SBN nanoparticles is 5 nm and that the as synthesized particles are
amorphous. Future work will involve the addition of a crystallization step into the
synthetic route and attempts to incorporate these nanomaterials within a metal
oxide/polymer nano-composite.

This work was performed with the support of the Division of Materials Sciences,
Office of Basic Energy Sciences, U.S. Department of Energy, under Contract No.
DE-AC05-00OR22725 with Oak Ridge National Laboratory, managed and
operated by UT-Battelle, LLC.

170

REFERENCES

171

1.

Brinker, C. J., Clark, D. E., Ulrich, D. R. (Editors), Better Ceramics
Through Chemistry (Materials Research Society Symposia Proceedings:
Volume 32). North-Holland: New York, 1984.

2.

Metlin, Y. G., Tretyakov, Y. D., J. Mater. Chem. 1994, 4, 1659.

3.

Caillaud, F., Baumard, J. F., Smith, A., Mater. Res. Bull. 1988, 23, 1273.

4.

Chadda, S., Ward, T. L., Carim, A., Kodas, T. T., Ott, K., Kroeger, D. J.,
Aerosol Sci. Technol. 1991, 22, 601.

5.

Zhu, H., Pfender, E., J. Supercond. 1990, 3, 171.

6.

Mojaev, A. P., Pershin, V. I., Shabatin, V. P., J. All-Union Mendeleev
1989, 34, 504.

7.

Tokiwa, A., Oku, T., Magoshi, M., Syono, Y., Physica C 1991, 181, 311.

8.

Prasadarao, A. A., J. Mater. Res. 1992, 7, 2859.

9.

Itoh, H., Odada, K., Fujisawa, T., Okasaki, N., Tada, A., Chem. Lett. 1990,
429.

10.

Dasgupta, M., Dixit, S. G., Jpn. J. Appl. Phys. 1992, 31, 35.

11.

Krishnaraj, P., Lelovic, M., Eror, N. G., Physica C 1993, 215, 305.

12.

Beach, D. B., Vallet, C. E., Paranthaman, M., Mat. Res. Soc. Symp. Proc.
1997, 446, 309.

13.

Joshi, V., Dacruz, C. P., Cuchiaro, J. D., Araujo, C. A., Zuleeg, R., Int.
Ferro. 1997, 14, 133.

14.

West, A. R., Basic Solid State Chemistry. Second ed.; John Wiley and
Sons, LTD: West Sussex, England, 1999.

15.

Merz, W. J., Phys. Rev. 1953, 91, 513.

172

16.

Anderson, J. A., Rept. Natl. Research Council (U.S.), April 1918.

17.

Cady, W. G., Rept. Natl. Research Council (U.S.), May 1918.

18.

Valasek, J., Phys. Rev. 1921, 17, 475.

19.

Matthias, B. T., Science 1951, 113, 591.

20.

Busch, G., Scherrer, P., Naturwissenschaften 1935, 23, 737.

21.

Vernon, R. C., Am. J. Phys. 1955, 23, 183.

22.

Wainer, E., Solomon, A. N., Titanium Alloy Manufacturing Company Elec.
Rept. 1942, 8.

23.

Scott, J. F., Araujo, C. A., Science 1989, 246, 1400.

24.

Araujo, C. A., Cuchiaro, J. D., McMillan, L. D., Scott, M. C., Scott, J. F.,
Nature 1995, 374, 627.

25.

Artit, G., Pertsev, N. A., J. Appl. Phys. 1991, 70, 2283.

26.

Artit, G. R., U., Int. Ferro. 1993, 3, 247.

27.

Scott, J. F., Pouligny, B., J. Appl. Phys. 1988, 64, 1547.

28.

Lohhamper, R., Neumann, H., Artit, G., J. Appl. Phys. 1990, 68, 4220.

29.

Yang, P., Carrol, D. L., Ballato, J., J. Appl. Phys. 2003, 93, 9226.

30.

Wessels, B. W., J. Cryst. Growth 1998, 195, 706.

31.

Wessels, B. W., J. Electroceram. 2004, 13, 135.

32.

Fork, D. K., Armani-Leplingard, F., Kingston, J. J., Anderson, G. B., MRS
Proc. 1995, 392, 189.

33.

Moert, M., Mikolajick, T., Schindler, G., Nagel, N., Kasko, I., Hartner, W.,
Dehm, C., Kohlstedt, H., Waser, R., Thin Solid Films 2004, 473, 328.

173

34.

Sun, D., Liu, Z., Huang, Y., Ho, S., Towner, D. J., Wessels, B. W., Opt.
Commun. 2005, 255, 319.

35.

Nakagomia, S., Wingqvistb, G., Abom, A. E., Helmersson, U., Spetzd, A.
L., Sens. Actuators, B 2005, 108, 490.

36.

Chen, S. N., Ramakrishnan, E. S., Grannemann, W. W., J. Vac. Sci.
Technol., A 1985, 3, 678.

37.

Song, Y., Swain, G. M., Anal. Chim. Acta 2007, 593, 7.

38.

Hendrick, J. L., Miller, R. D., Hawker, C. J., Carter, K. R., Volksen, W.,
Yoon, D. Y., Trollsas, M., Adv. Mater. 1998, 10, 1049.

39.

Cranny, A. W. J., Atkinson, K. K., Burr, P. M., Mack, D., Sens. Actuators,
B 1991, 4, 169.

40.

Choi, J. K., Kim, H. J., Jun, B. H., Kim, C. J., Physica C 2005, 920, 426.

41.

Kim, D. H., Kwok, H. S., Appl. Phys. Lett. 1995, 67, 1803.

42.

Blomqvist, M., Koh, J., Khartsev, S., Grishin, A., Appl. Phys. Lett. 2002,
81, 337.

43.

Eckstein, J. N., Bozovic, I., Scholm, D. G., Harris, J. S., Appl. Phys. Lett.
1990, 57, 1049.

44.

Paranthaman, M., Lee, D. F., Goyal, A., Specht, E. D., Martin, P. M., Cui,
X., Mathis, J. E., Feenstra, R., Christen, D. K., Kroeger, D. M., Supercond.
Sci. Technol. 1999, 12, 319.

45.

Cheung, J. T., Sankur, H., Crit. Rev. Solid State Mater. Sci. 1988, 15, 63.

46.

Norton, D. P., Annu. Rev. Mater. Sci. 1998, 28, 299.

47.

Berberich, P., Utz, B., Prusseit, W., Kinder, H., Physica C 1994, 219, 497.

174

48.

Peercy, P. S., Bauer, E. G., Dodson, B. W., Ehrlich, D. J., Feldman, L. C.,
Flynn, C. P., Geis, M. W., Harbison, J. P., Petroff,P. M., Phillips, J. M.,
Stringfellow, G. B., Zangwill, A., J. Mater. Res. 1990, 5, 852.

49.

Kim, Y., Erbil, A., Boatner, L. A., Appl. Phys. Lett. 1996, 69, 2187.

50.

Leskela, M., Molsa, H., Ninisto, L., Supercond. Sci. Technol. 1993, 6, 627.

51.

Sato, K., Tofura, K., Jpn. J. Appl. Phys. B 1991, 30, 1964.

52.

Shibuta, N., Katsui, A., J. Cryst. Growth 1990, 5, 852.

53.

Morrell, J. S., Xue, Z. B., Specht, E. D., Goyal, A., Martin, P. M., Lee, D.
F., Feenstra, R., Verebelyi, D. T., Christen, D. K., Chirayil, T. G.,
Paranthaman, M., Vallet, C. E., Beach, D. B., J. Mater. Res. 2000, 15,
621.

54.

Moujoud, A., Andres, M. P., Najafi, S. I., J. Sol-Gel Sci. Technol. 2005, 35,
123.

55.

Ortiz, A., Alonso, J. C., Haro-Poniatowski, E., J. Electron. Mater. 2005, 34,
150.

56.

Kaydanova, T., Miedaner, A., Curtis, C., Allerman, J., Perkins, J. D.,
Ginley, D. S., Sengupta, L., Zhang, X., He, S., Chiu, L., J. Mater. Res.
2003, 18, 2820.

57.

Lange, F. F., Science 1996, 273, 903.

58.

Mantese, J. V., Micheli, A. L., Hamdi, A. H., Vest, R. W., MRS Bull. 1989,
14, 48.

59.

Crabtree, R. H., The Organo Metallic Chemistry of the Transition Metals.
Third ed.; Wiley-Interscience: New York, USA, 2001.

175

60.

Hubert-Pfalzgraf, L. G., J. Mater. Chem. 2004, 14, 3113.

61.

Coan, P. S., Hubert-Pfalzgraf, L. G., Caulton, K. G., Inorg. Chem. 1992,
31, 1262.

62.

Daniele, S., Tcheboukov, D., Hubert-Pfalzgraf, L. G., J. Mater. Chem.
2002, 12, 2519.

63.

Pechini, M. U.S. Pat. 3,330,697, July 11, 1967.

64.

Hay, J. N., Raval, H. M., Chem. Mater. 2001, 23, 3396.

65.

Corriu, R. J. P., Leclercq, D., Lefevre, P., Mutin, P. H., Vioux, A., J. NonCryst. Solids 1992, 146, 301.

66.

Mooney, P. M., Chu, J. O., Annu. Rev. Mater. Sci. 2000, 30, 335.

67.

Phani, A. R., Passacantando, M., Santucci, S., J. Non-Cryst. Solids 2007,
353, 663.

68.

Roberts, J. S., Dawson, P., Scott, G. B., Appl. Phys. Lett. 1981, 38, 905.

69.

Schwebel, C., Meyer, F., Gautherin, G., Pellet, C., J. Vac. Sci. Technol., B
1986, 4, 1153.

70.

Dey, S. K., Barlingay, D. K., Appl. Phys. Lett. 1992, 61, 1278.

71.

Dimos, D., Chaudhari, P., Mannhart, J., Phys. Rev. B 1990, 41, 4038.

72.

Miller, K. T., Chan, C. J., Cain, M. G., Lange, F. F., J. Mater. Res. 1993, 8,
169.

73.

Misirlioglu, I. B., Vasiliev, A. L., Aindow, M., Alpay, S. P., Appl. Phys. Lett.
2004, 84, 1742.

74.

Romanov, A. E., Pompe, W., Mathis, S., Beltz, G. E., Speck, J. S., J. Appl.
Phys. 1999, 85, 182.

176

75.

Derouin, T. A., Lakeman, C. D. E., Wu, X. H., Speck, J. S., Lange, F. F., J.
Mater. Res. 1997, 12, 1391.

76.

Giess, E. A., Sandstrom, R. L., Gallagher, W. J., Gupta, A., Shinde, S. L.,
Cook, R. F., Cooper, E. I., O'Sullivan, E. J. M., Roldan, J. M., Segmuller,
A. P., Angilello, J., IBM J. Res. Develop. 1990, 34, 916.

77.

Meyer, O., Weschenfelder, F., Geerk, J., Li, H. C., Xiong, G. C., Phys.
Rev. B: Condens. Matter 1988, 37, 9757.

78.

Norton, D. P., Goyal, A., Budai, J. D., Christen, D. K., Kroeger, D. M.,
Specht, E. D., He, Q., Saffian, B., Paranthaman, M., Klabunde, C. E., Lee,
D. F., Sales, B. C., List, F. A., Science 1996, 274, 755.

79.

Goyal, A., Norton, D. P., Budai, J. D., Paranthaman, M., Specht, E. D.,
Kroeger, D. M., Christen, D. K., He, Q., Saffian, B., List, F. A., Lee, D. F.,
Martin, P. M., Klabunder, D. E., Hatfield, E., Kikka, V. K., Appl. Phys. Lett.
1996, 69, 1795.

80.

De Boer, B., Sarma, V., Reger, N., Eickemeyer, J., Hozapfel, B., Physica
C 2002, 372, 798.

81.

Iijima, Y., Matsumoto, K., Supercond. Sci. Technol. 2000, 13, 68.

82.

Gul, I. H., Maqsood, A., J. Magn. Magn. Mater. 2007, 316, 13.

83.

Let, A. L., Mainwaring, D. E., Rix, C. J., Maurgaraj, P., J. Phys. Chem.
Solids 2007, 68, 1428.

84.

Atashfaraz, M., Shariaty-Niassar, M., Ohara, S., Minami, K., Umetsu, M.,
Naka, T., Adschiri, T., Fluid Phase Equilib. 2007, 257, 233.

177

85.

Dong-Sik, B., Kyong-Sop, H., Adair, J. H., J. Mater. Chem. 2002, 12,
3117.

86.

Roucoux, A., Schulz, J., Patin, H., Chem. Rev. 2002, 102, 3757.

87.

Brust, M., Walker, M., Bethell, D., Schiffrin, D. J., Whyman, R., Chem.
Comm. 1994, 801.

88.

Chen, Q., Rondinone, A. J., Chakoumakos, B. C., Zhang, Z., J. Magn.
Magn. Mater. 1999, 194, 1.

89.

Chen, H., Qui, X., Zhu, W., Hagenmuller, P., Electrochem. Commun.
2002, 4, 488.

90.

Steigerwald, M. L., Sprinkle, C. R., Organometallics 1988, 7, 245.

91.

Cushing, B. L., Kolesnichenko, V. L., O'Connor, C. J., Chem. Rev. 2004,
104, 3893.

92.

Cao, Y., Hu, J. C., Hong, Z. S., Deng, J. F., Fan, K. N., Catal. Lett. 2002,
81, 107.

93.

Niederberger, M., Bartl, M. H., Stucky, G. D., J. Am. Chem. Soc. 2002,
124, 13642.

94.

Oguri, Y., Riman, R. E., Bowen, H. K., J. Mater. Sci. 1988, 23, 2897.

95.

Yang, J., C. G. H., Zeng, J. H., Yu, S. H., Liu, X. M., Qian, Y. T., Chem.
Mater. 2001, 13, 848.

96.

Peng, Q., Dong, Y., Deng, Z., Sun, X., Li, Y., Inorg. Chem. 2001, 40,
3840.

97.

Hoar, T. P., Schulman, J. H., Nature 1943, 152, 102.

178

98.

Fletcher, P. D. I., Howe, A. M., Robinson, B. H., J. Chem. Soc., Faraday
Trans. 1987, 83, 985.

99.

Bae, D., Han, K., Adair, J. H., J. Am. Chem. Soc. 2002, 85, 1321.

100.

Alivisatos, A. P., Endaevour 1997, 21, 56.

101.

Tuncer, E., Sauers, I., James, D. R., Ellis, A. R., Paranthaman, M. P.,
Aytug, T., Sathyamurthy, S., More, K. L., Li, J., Goyal, A., Nanotechnology
2006, 18, 1.

102.

Morrell, J. S. Heteroepitaxial Growth of Oxides via Solution Chemical
Techniques, Ph.D. Thesis. University of Tennessee Knoxville, 2000.

103.

Aurivillius, B., Archiv. for Kemi 1949, 1, 463.

104.

Chu, P. Y., Jones, R. E. Jr., Zurcher, P., Taylor, D. J., Jiang, B., Gillespie,
S. J., Lii, Y. T., Kottke, M., Fejes, P., Chen, W., J. Mater. Res. 1996, 11,
1065.

105.

Rentshler, T., Mater. Res. Bull. 1997, 32, 351.

106.

Jones, R. E., Jr., Zurcher, P., Chu, P., Taylor, D. J., Lii, Y. T., Jiang, B.,
Maniar, P. D., Gillespie, S. J., Microelectron. Eng. 1995, 29, 3.

107.

Amanuma, K., Kunio, T., Cuchiaro, J., Mat. Res. Soc. Symp. Proc. 1996,
433, 85.

108.

Zhu, J., Singh, S. K., Thomas, P. A., Palmer, S. B., Cryst. Res. Technol.
1999, 34, 1205.

109.

Gensbittel, A., Degardin, A. F., Kreisler, A. J., Guilloxy-Viry, M., Perrin, A.,
Crozat, P., Ferroelectrics 2003, 288, 103.

179

110.

Beach, D. B., Morrell, J. S., Xue, Z. B., Specht, E. D., Int. Ferro. 2000, 28,
29.

111.

Morrell, J. S., Xue, Z. B., Specht, E. D., Beach, D. B., Mat. Res. Soc.
Symp. Proc. 1998, 495, 271.

112.

Aytug, T., Paranthaman, M., Kang, S., Zhai, H. Y., Leonard, K. J., Vallet,
C. E., Sathyamurthy, S., Christen, H. M., Goyal, A., Christen, D. K., IEEE
T. Appl. Supercon. 2003, 13, 2661.

113.

McNally, F., Kim, J. H., Lange, F. F., J. Mater. Res. 2000, 15, 1546.

114.

Massiani, M. C., Papiernik, R., Hubert-Plazgraf, L. G., Daran, J. C.,
Polyhedron 1991, 10, 437.

115.

Ravichandran, D., Yamakawa, K., Bhalla, A. S., Roy, R, J. Sol-Gel Sci.
Tech. 1997, 9, 95.

116.

Blomqvist, M., Khartsev, S., Grishin, A., Petraru, A., Int. Ferro. 2003, 54,
631.

117.

Petraru, A., Schubert, J., Schmid, M., Buchal, Ch., Appl. Phys. Lett. 2002,
81, 1375.

118.

Wang, X., Helmersson, U., Olafsson, S., Rudner, S., Wernlund, L.,
Gevorgian, S., Appl. Phys. Lett. 1998, 73, 927.

119.

Cho, C., Grishin, A., J. Appl. Phys. 2000, 87, 4439.

120.

Abadei, S., Gevorgian, S., Cho, C., Grishin, A., J. Appl. Phys. 2002, 91,
2267.

121.

Khartsev, S., Grishin, A., Andreasson, J., Kho, J., Song, J., Int. Ferro.
2003, 55, 769.

180

122.

Kim, J., Grishin, A., Thin Solid Films 2006, 515, 619.

123.

Sonderlind, F., Kall, P., Helmersson, U., J. Cryst. Growth 2005, 281, 468.

124.

Tanaka, K., Kakimoto, K., Ohsato, H., J. Cryst. Growth 2006, 284, 209.

125.

Herzog, C., Shanmugam, A., Guarino, A., Schneider, A., Poveraj, G.,
Gunter, P., J. Opt. Soc. Am. B 2007, 24, 829.

126.

Bradley, D. C., Chakravarti, B. N., Wardlaw, W., J. Chem. Soc. 1956,
2381.

127.

Iijima, Y., Tanabe, N., Kohno, O., Ikeno, Y., Appl. Phys. Lett. 1992, 60,
769.

128.

Hawsey, R. A., Christen, D. K., Physica C 2006, 445, 488.

129.

Goyal, A., Ren, S. X., Specht, E. D., Kroeger, D. M., Feenstra, R., Norton,
D., Paranthaman, M., Lee, D. F., Christen, D. K., Micron 1999, 30, 463.

130.

Goyal, A., Norton, D. P., Christen, D. K., Specht, E. D., Paranthaman, M.,
Kroeger, D. M., Budai, J. D., He., Q., List, F. A., Feenstra, R., Kerchner, H.
R., Lee, D. F., Hatfield, E., Martin, P. M., Mathis, J., Park, C., Appl.
Supercond. 1996, 4, 403.

131.

Iijima, Y., Tanabe, N., Hohno, O., Proc. 4th Int. Symp. Supercond. (ISS)
Springer Verlag 1992, 679.

132.

Paranthaman, M., Goyal, A., List, F. A., Specht, E. D., Lee, D. F., Martin,
P. M., He, Q., Christen, D. K., Norton, D. P., Budai, J. D., Kroeger, D. M.,
Physica C 1997, 275, 266.

181

133.

Paranthaman, M. P., Sathyamurthy, S., Heatherly, L., Martin, P. M.,
Goyal, A., Kodenkandath, T., Li, X., Thieme, C. L. H., Rupich, M. W.,
Physica C 2006, 445, 529.

134.

Aytug, T., Goyal, A., Rutter, N., Paranthaman, M., Thompson, J. R., Zhai,
H. Y., Christen, D. K., J. Mater. Res. 2003, 18, 872.

135.

Stephens, W. E., Joseph, T. R., J. Lightwave Technol. 1987, 5, 380.

136.

Donaldson, A., J. Phys. D: Appl. Phys 1991, 24, 785.

137.

Tompkins, H. G., A User's Guide to Ellipsometry. Academic Press: San
Diego, California, 1993.

182

VITA

George Harrison Thomas attended Austin Peay State University in Clarksville,
TN. His undergraduate research project focused on the epitaxial growth of rare
earth oxide buffer layers on rolling assisted biaxially textured substrates
(RABiTS) under the supervision of Dr. M. Paranthaman at Oak Ridge National
Laboratory. He received his Bachelor of Science degree in Chemistry in 2001.
Following graduation spent a brief amount of time synthesizing doped varieties of
the HTSC Hg-1201 under the guidance of Dr. Ingrid Brynste, Department of
Chemistry, University of Stockholm, Sweden. After briefly following the path of
Bukowski, he then enrolled in the graduate program of Department of Chemistry,
The University of Tennessee, Knoxville, in 2003. He is expected to receive his
Ph.D. degree in 2007.

183

